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PREFACE 


This monograph has grown out of a lecture on the masses of the 
stars presented by the senior author in connection with the Harvard 
Tercentenary. Shortly afterward it became evident that an ade¬ 
quate treatment demanded a new discussion of the relation between 
trigonometric and spectroscopic parallaxes. This proved to be time 
consuming, as did also the theoretical discussion of the various 
sources of error. It is hoped that the results here given include sub¬ 
stantially all the direct evidence regarding the masses of the stars 
which is at present available—i.e., that derived by gravitational 
motions from binary systems. 

The determination of the masses of such systems is, in principle, 
very simple. In practice, it is seriously complicated by the great 
distances of the stars. Reliable individual values can be obtained 
only for a couple of dozen visual binaries of large parallax, and for 
about as many eclipsing variables, which have been spectroscopical¬ 
ly observed. For the great mass of the others, recourse must be had 
to average values for properly selected groups. The utilization of 
pairs whose motion is so slow that no orbits can be computed for 
centuries to come, the elimination of sources of systematic error, 
and the diminution and evaluation of the effects of accidental error 
present problems of considerable statistical interest and some 
difficulty, the discussion of which occupies a large part of this 
volume. 

The remarkably close correlation between mass and luminosity, 
which has been fully confirmed by the present investigation, relieves 
the authors from the difficult task of attempting to deduce the 
properties of the average star in a given volume of space from those 
of the observable binaries, which are subject to complicated observa¬ 
tional selection. This relation can be represented over the whole ob¬ 
servable range by a very simple empirical formula, with the lumi¬ 
nosity (corrected for surface temperature according to Eddington) 
varying as the 10/3 power of the mass. No complete theoretical 
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explanation of the dose approximation of this formula over so wide 
a range is yet available, but it should evidently be fully adequate 
for the computation of dynamical parallaxes. 

Individual deviations from the mean relation undoubtedly exist; 
but the well-established cases can still be counted on the fingers. 
There are also groups of stars (for which only rough data arc yet 
available) which probably deviate seriously—notably the “Trumplcr 
stars.” 

Chapter i deals with visual binaries and contains most of the 
statistical discussions. Chapter ii deals with spectroscopic and 
eclipsing binaries, while chapter iii treats of several topics which 
were deferred to it to avoid breaking the thread of the preceding 
discussions. 

Chapter iv presents a new treatment of the determination of 
dynamical parallaxes in which various refinements, not previously 
applied, have been introduced and ends with tables and precepts 
for the calculation of such parallaxes from double-star data. Chap¬ 
ter v contains a general catalogue of the dynamical parallaxes of 
2529 stars, calculated anew in a strictly homogeneous manner by the 
methods of chapter iv, and summarizes also various other observa¬ 
tional data important to anyone who desires to make a critical re¬ 
examination of the work. 

It may be added that the senior author is responsible for the gen¬ 
eral plan of the work and the theoretical discussions, while the 
junior author has made by far the greater part of the heavy compu¬ 
tations and has scrutinized both the theoretical and numerical re¬ 
sults with respect to accuracy. 

It is a pleasure to acknowledge our obligation to Messrs. W. S. 
Adams and A. H. Joy for spectroscopic data from Mount Wilson; 
and to Miss Henrietta Young and Mrs. Jay Murray for the care and 
accuracy with which they have carried out the typing of the manu¬ 
script and tables. 

Princeton University Observatory 
June 1 a, 1939 
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CHAPTER I 
VISUAL BINARIES 


A. GENERAL EQUATIONS 

i. Introduction .—The only available way to determine the mass of 
an astronomical body is by means of its gravitational attraction. 
The body’s attraction upon itself produces observable effects—such 
as the oblateness of a rotating body and the period of a pulsating 
mass of gas—but these effects depend on the internal distribution of 
density as well as the mean density, so that the latter cannot be 
precisely determined. This is a fortiori true of those indirect effects 
of gravity which result in the mass-luminosity relation among the 
stars and in the relations between pressure and density in stellar 
atmospheres. So many other parameters are involved that such 
considerations can, at best, give only an idea of the order of magni¬ 
tude of the masses—unless empirical relations, such as the observed 
mass-luminosity correlation, can be invoked. The determination of 
the mass of an agglomeration of matter (such as a globular cluster 
or the Galaxy) from the relative velocities of its parts also involves 
assumptions regarding steady-state conditions, as well as a pre¬ 
cision of observation often still unattained, and falls outside the 
present discussion. 

The attraction between two stars is utterly insensible at ordinary 
interstellar distances, so that determinations of mass can be made 
only for binary systems. 

All known multiple systems are composed of wide and dose pairs, 
of periods so different that the perturbations of one by the other are 
small. 1 The elementary theory of motion in a Keplerian ellipse there¬ 
fore suffices for the determination of the masses within the limits of 
predsion set by the observations.* The resulting relations are sum¬ 
marized here. 

* E. W. Brown, M.N., 97, 56, 1936. 

’ An exception might be urged for pairs so close that the cllipticity of figure is con¬ 
siderable; but in this case the measurement of the radial velocities is also subject to com¬ 
parable uncertainty, owing to the “reflection” effect. 
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2. Formulae for Visual Binaries .—For a visual binary the funda¬ 
mental equation is 


M = Mi + M 2 = 


47 r*a 3 

gF’ 


(1) 


where and u 2 are the masses, a the semi-major axis of the relative 
orbit, and P the period. This equation holds true in any system of 
units having the appropriate value of the gravitational constant C. 
With the sun’s mass, the astronomical unit, and the year as units, 
G = 4-r 2 and 


Observation gives the semi-major axis in seconds of arc, a". 
the parallax, 

<X"3 

M = —- . 

Methods of determining the orbit or the parallax lie outside the 
scope of this review, but an understanding of their limitations is es¬ 
sential to a sound interpretation of the results obtained by the formal 
application of equation (3). 

The individual masses can be found only when the positions of 
one or both components have been observed relative to other stars. 
If x t , y„ x 2 , y 2 are the rectangular co-ordinates of the components 
and z = m 2 / (Mr + M a ), then 

x l = x 0 + nt — z(x 2 — x t ), \ 
yi = y 0 + nt — z(y 2 — y,) . J 

Observations of right ascension and declination have given results 
for many pairs, 3 but greater accuracy can be secured by micrometric 
observations of distant companions (when present) or by photog¬ 
raphy (as for stellar parallax). When the components are clearly 
resolved on the plates, this method should give precise results. 
Measures of the fainter component may give an independent de¬ 
termination. Settings on the unresolved image of an unequal pair, 

3 See Boss, General Catalogue , Carnegie Institution of Washington, 1937* 


If p is 
0) 
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though often showing that the “center of light” does not coincide 
with the center of gravity, are unsuited for reliable determinations 
of the mass, since the relative brightness of the components of so 
dose a pair cannot, at present, be accurately measured; and even 
if this were known, the position of the effective center of light can¬ 
not be predsely specified theoretically. 

The separation of z from the other unknowns in (4) is practicable 
only when the relative motion departs conspicuously from linearity 
during the interval of observation. For some wide pairs, such as 
61 Cygni, this condition will be satisfied long before a trustworthy 
orbit can be computed. 

3. Formulae for Physical Pairs .—There are great numbers of 
visual pairs, shown to be binary by common proper motion, in which 
the relative motion, though observable, is too small to permit the 
calculation of an orbit. Let r be the distance of the components, 
and v their relative velocity, at any time. Then in all cases 



If j is the apparent distance, and w the apparent relative velodty, 
in seconds of arc per year, and if i and j are the angles between the 
vectors r and v and the line of sight, this may be written 

sw* . . ...( r\ . . 

—— = m sin t sm’ 7(2-) . ( 6) 4 

4 ir*p 3 J \ a) v ' 

The last three factors are unknown for individual pairs; but the 
mean value of their product, in a large number of cases, may be com¬ 
puted from principles of geometrical probability and is found 5 to be 
^71-(5 — 2 P), where S is the mean-square orbital eccentricity. If we 
adopt S = 0.561 (the value found for binaries with well-determined 
orbits), this becomes 0.429. 

* This formula was proposed independently by Russell {Science, N.S., 34, 524,1911) 
and by Hertzsprung {A.N., 190, 113,1911). 

s H. N. Russell, “On the Determination of Dynamical Parallaxes,”4 .J., 38, N0.897, 
p. 89,1928 (referred to hereinafter as “I”), 
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4. Formulae for Spectroscopic Binaries. —When the spectra of 
both components have been observed, and orbits computed for each, 
giving a 1 sin i and a» sin i, the best available equation is 


(iij + Ms) sin 3 i = 


C(a 1 -f- ffla) 3 sin 3 i 

pi 


( 7 ) 


where C = 1 if a is given in astronomical units and P in years, but 
C = 0.0400 if a is in millions of kilometers and P in days. An 
alternative form is 


(Mi + M a ) sin 3 i — 1.042 X 10 ~ 7 (K t + iQ 3 (i — e 3 ) -3 / J P, (8) 

where Kx and K 2 are the semi-amplitudes in kilometers per second 
and P is in days. 

The mass ratio is given by 


Mi Ox Kt . . 

Ms ~ ffli " Ki ' W 

When only one spectrum has been observed, all that can be deter¬ 
mined is the “mass-function” 


/ = 


Cal sin 3 i 

ps 


m| sin 3 i 

(m, + Ms ) 3 ’ 


(10) 


Individual values of sin i can be found only for eclipsing binaries. 
In other cases statistical averages must be used. If the orbit planes 
were distributed at random, the mean value of sin 3 i would be 

t Off 

sin 4 i di =* = 0.589 . 

0 10 

This is the minimum permissible value, since binaries with small 
values of i and K certainly do not stand a better chance of being 
discovered. For stars with sharp lines and showing only one spec¬ 
trum, it is probably a good value to adopt; but for those with diffuse 
lines, and especially with double lines, there must be a strong dis¬ 
crimination against small inclinations. Schlesinger 4 assumes that the 

6 Quoted by Aitken, The Binary Stars, p. 219, New York, 1935, 
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chance of discovery is proportional to sin i and so finds the mean 
value 


r- 


sin 5 x 


i. 


sm a x 


_3L 

xSir 


0.679 • 


The mean value appropriate to any particular group of binaries will 
depend upon the limits of observational selection in the particular 
case. 

5. Comparison with Observed Parallaxes .—For visual pairs the 
simple equations (3) and (6) can be profitably employed only for a 
few stars with very large parallaxes. Otherwise the observational 
errors of the parallax make the calculation inaccurate, or even il¬ 
lusory (since the observed parallax may be negative). 

To utilize most of the existing data, the equations must be trans¬ 
formed so that a function involving the mass and having the dimen¬ 
sions of a parallax may be compared with the observed parallaxes. 
Instead of (3) we may write 


K = = m V*p . ( 11 ) 

Here h z is the “hypothetical parallax” for a mass equal to that of the 
sun, and may be directly calculated when the orbit is known. The 
observational errors affecting it, though considerable for poorly de¬ 
termined orbits, are not nearly so great as those of the parallax. 

To diminish the latter, we must take suitably weighted means for 
selected groups (see below). We thus obtain the mean values 

M* Tip — Th . (12) 

For slow-moving pairs equation (6) may be written 

h t — 0.418 = M ,/3 p(i + z), (13) 

where the constant 0.418 represents the mean effect of the factor 
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and z takes account of individual variations from this mean. The 
statistical distribution of z closely resembles a normal one, with 
probable error ±0.20. (See § 54.) 

We now have 

+ *) = fh • (14) 

If M, p, and z were free from correlation, both (12) and (14) would 
reduce to 



since z = o. (The actual correlations are discussed on p. 18, sec. D.) 

This gives a “cube-root me an” of the masses. If we assume that, 
for individual stars, = m^i + a), we have, in the mean, 
m = (m i/3 ) 3 (i + 3a 3 + a 3 ). The last term will be small, and we have 
substantially 

m = (m I73 ) 3 (i 3a 2 ). (16) 

According to Eddington’s mass-luminosity curve, a change of x ra in 
the bolometric absolute magnitude corresponds to a change in log M 
ranging from 0.10 for the fainter dwarfs to 0.20 for absolute magni¬ 
tude -3. The corresponding values of a arc approximately 0.08 and 
0.16. If the absolute magnitudes are distributed with a standard 
deviation of ±i m , the factor 1 + 3a 3 ranges from 1.02 for dwarfs 
to 1.08 for supergiants. The empirical relation found in the present 
work gives A log m/AM = 0.12, a = 0.092, and x + 3a? * 1.025. 
This correction is therefore unimportant, except for very hetero¬ 
geneous groups. In any case, the mean value of m i/3 is as well en¬ 
titled to be considered typical of a group as that of m. 

B. DATA 

6. Dynamical Parallaxes. —The values used in the present discus¬ 
sion are derived from the lists of Russell and Moore, 7 Aitken and 
Moore, 8 and Finsen 5 and are statistically homogeneous, being based 

i A J., 39, No. 930, p. 1, 1929. 

8 Lick Obs. Bull., No. 451, 1933; No. 485,1937. 

* Union Obs. Circ., No. 93, 139, 1935. 
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on the same formulae and tables, with deliberate avoidance of prefer¬ 
ential selection of “moving” pairs. For a number of stars in the first 
list, and for some in the second, revised values have been used, based 
on additional measures. Many, though not all, of these revised 
values were available in time for inclusion in Schlesinger’s cata¬ 
logue. 10 The parallaxes of the first and second lists have been divided 
into three grades—good, fair, and poor—according to the extent and 
consistency of the observations. Following Schlesinger’s suggestion 
{op. til., p. viii), Finsen’s parallaxes of southern stars, which depend 
in general upon a much shorter interval of observation, have been 
graded “fair” in general, and “poor” when marked with a colon. A 
few misprints in Finsen’s list have been rectified. A very few stars 
not in these lists (such as Kuiper’s short-period binary) have been 
added from other sources. 

7. Trigonometric Parallaxes. —These are all taken from Schle¬ 
singer’s catalogue, in which both the parallaxes and the probable er¬ 
rors have been carefully reduced to a homogeneous system, which has 
been taken as definitive. When the catalogue gives parallaxes for 
two neighboring stars of common proper motion, obviously physical¬ 
ly connected, the mean has been taken, with weights according to 
the published probable errors. 

Parallaxes derived from moving clusters have been discussed 
along with the trigonometric determinations. They include those de¬ 
rived by Kapteyn for the, Scorpius-Centaurus” and the Orion 
groups,” and by Wilson 13 for the Hyades. The probable errors given 
by Kapteyn have been adopted; those of Wilson’s results were esti¬ 
mated by the writers. When both trigonometric and cluster 
parallaxes are available for the same star, they have been combined 
with weights inversely proportional to their probable errors (see 
Table 47, p. 154). 

8. Spectroscopic Parallaxes. —These are based mainly on the list 
of 4179 stars in Mount Wilson Contribution No. 511. 14 For stars 

10 General Catalogue of Stellar Parallaxes, Yale University Observatory, ed. 1935. 

11 Ap. J., 40, 43, 1914; Mt. W. Contr ,, No. 82. 

13 Ap. J., 47, 146, 1918; Mt. W. Contr., No. 147. 

l *AJ; 42 , No. 978, p. 30, 1932. 

14 Ap. J 8x, 187, 1935- 
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■which appear in this work, the values in this list have been taken as 
final, partly for the sake of homogeneity and partly because, as 
Schlesinger points out (op. cit., pp. vii and viii), determinations at 
different observatories are not really independent, being affected by 
the same spectral peculiarities. When two or more spectroscopic 
parallaxes are given for members of a physical system, their geo¬ 
metric mean has been taken (corresponding to the simple mean of 
the moduli, m — M). The two values are usually, but not always, 
consistent. 

For a few other stars of the later spectral classes, parallaxes de¬ 
termined at other observatories have been taken from Schlesinger’s 
catalogue, in which they have been reduced to the Mount Wilson 
system. 

The spectroscopic parallaxes of stars of classes A and B are much 
less accurate. Two sources have been drawn upon: Schlesinger’s 
catalogue, which often gives mean values for various observers, and 
the lists published in Mount Wilson Contributions Nos. 244 IS and 
262. 16 These parallaxes, though not included in the catalogue, ap¬ 
pear to be comparable in accuracy with those of other observers and 
have been added, or combined with the others, in the present list 
(see Table 49, p. 156). 

9. Corrections. —The spectroscopic parallaxes of double stars are 
necessarily based on the individual magnitudes of the components 
whose spectra were observed. Reliable determinations of their 
magnitudes, especially for the closer pairs, are notoriously difficult. 
In the Mount Wilson list, the magnitude given in the Henry Draper 
Catalogue was assumed to refer to the combined light for pairs with 
less than to" separation and to the brighter component for wider 
pairs. The lists of magnitudes of components of double stars in 
Harvard Annals, Volumes 56 and 64, show that, even for some pairs 
as wide as 30", the Henry Draper Catalogue gives the combined light; 
and we have assumed this for closer pairs, in default of better data. 
The correction from the combined light to that of the brighter star 
depends on the difference of magnitude of the components, for which 
only rough estimates are usually available. In some cases this cor- 

**Ap. J ., 56, 342, 1932. * Ap. 57, 294, 1923. 
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rection appears to have been omitted inadvertently in calculating 
the spectroscopic parallax; and in two cases (where the Henry 
Draper Catalogue gives the magnitudes of the separate components 
of a very close pair), to have been applied twice. We are very greatly 
indebted to Messrs. Adams and Joy, who have most courteously 
examined a list of suspected discrepancies and cleared up practically 
every case, so that little or no uncertainty now exists; and the re¬ 
quired corrections to the spectroscopic parallaxes have been made 
(see Table 48, p. 155). 

The additional correction to the magnitude of a visual component 
which is required when this is a spectroscopic binary has been taken 
at Mount Wilson as o'"7, o m 5, and 0T32, corresponding to magni¬ 
tude-differences of o m o. o™;, and x’T'o. When these values were not 
available, we have adopted a somewhat more summary process, 
assuming a correction of o ™6 when two spectra are visible and of 
o™3 in other cases. The latter correction is doubtless sometimes too 
great, but, in the general mean, this will tend to compensate for un¬ 
discovered spectroscopic binaries. 

For some stars, e.g., f Herculis, the variable radial velocity listed 
in Moore’s catalogue 17 arises from the motion in the visual orbit, 
and no correction should be applied. Some cases of possible pulsa¬ 
tion (t Cygni) were also dropped from the spectroscopic binary list. 

C. METHOD OT REDUCTION 

10. Elimination of the Distances .—The chief difficulty in combin¬ 
ing the data from different stars arises from the great range in their 
distances. To take brute means of the parallaxes as they stand 
would absurdly overweight the nearer stars. The greater part of 
this trouble may be avoided by dividing the stars into groups of 
similar spectral class, and therefore presumably similar absolute 
magnitude, and by reducing the data for each star of the group to 
the values which they would have if the star were brought to such a 
distance that it had a standard apparent magnitude, M 0 . If the stars 
of the group were really of the same absolute magnitude, this would 
completely eliminate the effects of distance. As things are, it sub- 

17 Pub . Lick Obs 18, 1932. 
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stitutes for them a much smaller dispersion, depending on the differ¬ 
ences of the actual absolute magnitudes from M 0 . The “reduced” 
values of the quantities are: 

True parallax. p' — fp 

Trigonometric parallax. t f — ft 

Probable error of same. r' = fr 

Spectroscopic parallax. s' = fs 

Hypothetical parallax for unit mass. . h f t — fh x 
Proper motion. \x — fn 

where 

jf = jQ0.2(W7&-iW 0 ) 

and mt is the apparent visual magnitude of the brighter component 
of the pair. 18 

Giants and main-sequence stars were separated, from class Go 
onward, and also the few subgiants of classes G-K (identified by 
their Mount Wilson absolute magnitudes). 

Two supergiants 19 were omitted. They are too few for statistical 
discussion, and the relative motions are not well determined. Their 
reduced parallaxes, etc., are so small that their inclusion among the 
ordinary giants would have had no sensible effect upon the ratio 
hl/t*, etc., though the inclusion of a single dwarf would be objec¬ 
tionable. 

The one white dwarf which is the principal component of a binary 
(40 Eridani B) was kept separate. 

For the standard magnitudes M 0 , the mean visual absolute magni¬ 
tudes of stars of the group considered were adopted. From class A6 
onward, these were taken from the Mount Wilson spectroscopic 
data. We are indebted to Mr. Joy for a very convenient summary of 
these. For the earlier classes, a compromise was made between the 
results of Stromberg 20 and those of the Mount Wilson spectroscopic 

18 The correction to wj, necessary when the brighter visual component is a spectro- 
scopic binary, has been applied. See § 9. 

l * Polaris and Antares. 

ao Ap. J. f 75, 115, 1932; Mt, W. Conlr., No. 442. 


(17) 


(18) 
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observers. 21 The resulting system of assumed magnitudes is given in 
Table i. It should be noted that, since the final masses depend on 
the ratio of the reduced mean values h[ and p', an error in the as¬ 
sumed M o is completely eliminated. It is convenient, however, to 
have them nearly correct, for then the “reduced” values of the ob¬ 
served parallax should be close to o'fioo (barring accidental errors 
and real differences in luminosity), which affords a valuable check. 

TABLE 1 

Standard Absolute Magnitudes* 


Main Sequence 

Giants 

Subgiants 

Sp. 

Mo 

Sp. 

Mo 

Sp. 

Mo 

Sp. 

Mo 

Bo 

-2.8 

05 

Ko 

+ 4-7 
+ 5-5 

FS 

Go 

(+0.7) 
+ .7 



Bj 

-0.7 

Go 

( 4 * 2 . 8 ) 

Ao 

+0.7 

KS 

+ 6.7 

GS 

+ .7 

Gs 

4 - 2.5 

As 

+[ .7 

Mo 

+ 8.4 

Ko 

+ -5 

Ko 

4*2.2 

Fo 

+ 2.5 

Ma 

+ 9-3 

K 5 

+ .1 

*5 

+1.9 

F S 

4 - 3-2 

Ms 

+ ti .6 

Mo 

— 2 



-0.4 



Go 

4 - 3-9 



Ms 






♦The same method of reduction, and substantially the same values of Mo. have been used in the dis¬ 
cussion of spectroscopic and trigonometric parallaxes (Ap . 87, 38$. 1030; Mi. W. Contr No. sSg) 
which was written later than the first draft of the present work. As the stars grouped together cover 
hut a very narrow range of spectral type, the correction from visual to bolometric magnitude is substan¬ 
tially the Hame for all. 

11. Probable Errors. —It is now necessary to estimate, as reliably 
as possible, the probable errors which attach to the reduced paral¬ 
laxes. 

For the trigonometric parallaxes, which are sometimes negative, 
the ratio of the probable error to the observed parallax itself is not a 
reliable criterion. But the ratio of the reduced probable error to the 
standard reduced parallax for the group—which with our system of 
reductions is approximately 0". 10—gives a fair measure of the rela¬ 
tive precision of the results. For an ideal method of eliminating the 
distance, the factor/ should be 0". 10 /p. The adopted values of / are 
too great for stars brighter (absolutely) than M 0 , so that r' is large 
and the resulting weight too small. The reverse is true for fainter 
stars. This will make the final mean values correspond to a some- 

“ Ap. J., 56 , 342,1922; Mt. W. Contr., No. 244; Ap. J., 57, 294,1923; Ml. W. Contr., 
No. 36a, 
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what smaller luminosity than in the ideal case but should not per¬ 
ceptibly influence the derived relation between mass and luminosity. 

For the spectroscopic parallaxes Adams and his colleagues state” 
that the accidental error in the absolute magnitude corresponds to a 
probable error somewhat less than + o“4, or one of ± 18 per cent in 
the parallax. The calibration is so adjusted that the arithmetical 
means of the spectroscopic parallaxes agree with the best available 
determinations of the true value. 

A recent investigation* 3 confirms this systematic agreement but 
shows that the method of calibration has unavoidably underesti¬ 
mated the accidental errors, which correspond to a mean error of 
+ 38 per cent, or a probable error of ±26 per cent, for giants and 
main-sequence stars alike. 

For the dynamical parallaxes evidence may be obtained from 
the revision of the older values, already mentioned. New observa¬ 
tional data were included for a large number of stars. These were 
plotted on the cards of our working catalogue, and new values of the 
relative motion were determined whenever a change appeared desir¬ 
able. The division of the data into three grades—good, fair, and poor 
—was also revised, these terms describing the character of the de¬ 
termination of the observed motion, upon which the parallax de¬ 
pends. The number of stars for which revised values were computed 
is approximately 26 per cent of the whole. 


TABLE 2 


Grade 

Number 

Mean d/do 

Average 

Deviation 

Good. 

237* 

0.974 

±o.X3 

Fair. 

166 

.970 

.19 

Poor. 

52 

0.989 

±0.29 


* The large proportion of “good” stars requiring revision arises from 
the fact that, in the earlier work, unpublished observations up to date 
were added only in the more doubtful cases. 


The new dynamical parallaxes (d) compare with the old (d 0 ) as 
shown in Table 2. The new parallaxes average slightly smaller than 
** A j>. J ., 81,192,1935; MU W. Contr No. 511, p. 6. 

9 3 Russell and Moore, A$. J. } 87, 389, 1938; MU W. Contr., No. 589 (referred to 
hereafter as “II”). 
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the old, presumably because the inclusion of new material diminishes 
the influence of the errors of observation, which, on the average, 
tend to exaggerate the relative motion. The average deviation, re¬ 
gardless of sign, of the ratio d/d 0 from unity, naturally increases for 
the lower grades. It should be remembered that these are selected 
cases in which the new observations are more or less discordant with 
the old. For the average of all pairs, the change would be consider¬ 
ably less. 

The inherent statistical probable error of the dynamical parallax 
of a slow-moving pair (arising from the use of average values of the 
projection factors) is ±25 per cent (p. 120, §63). Except for the 
“poor” cases, the changes produced by the revision are therefore of 
no statistical importance. 

There are 14 cases, out of more than 450, in which the revision 
changed the parallax by a factor of 2 or more in either direction. 
Two of these arose from misprints in the catalogues first used, and 
one from the inadvertent inclusion, in a mean, of a wildly discordant 
measure. For the remaining 11, the average revised parallax is 
o''0030; and the average difference, regardless of sign, between the 
old and the new values, ±0^0034. 

As a further test of the effect of observational errors on the 
dynamical parallax, least-squares solutions for the motions in angle 
and distance were made for 41 giant stars for which trigonometric 
parallaxes were available. The resulting dynamical parallaxes d' 
compare with the revised graphical solutions d as shown in Table 3. 


TABLE 3 


Grade 

Number 

Mean d'/d 

ro 

r' 

Good. 

n 

wBM 

±0.064 

±0.051 

Fair.... 


ms 

.17 

. 2X 

Poor. 

■fl 

X. X2 

±0.18 

±0.36 


Here r 0 denotes the probable error of one of the quantities d'/d, de¬ 
rived from their individual deviations from the mean, while r' repre¬ 
sents the mean-square probable error arising from that of the ob¬ 
served relative motion, w, as found in the least-squares solutions. 
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Calling the latter r u , we have / = f r w /w (since / is a percentage 
error and d varies as w a/3 ). 

The graphical solutions differ from the analytical, on the average, 
by little more than the probable errors of the latter and by much less 
tha.n the statistical error except for the “poor” group. Combining 
the statistical and observational errors, we have for the total prob¬ 
able error (in terms of the true parallax of the system): good, ±28 
per cent; fair, +35 per cent; poor, ±46 per cent—so that their 
weights should be roughly as 3:2:1. The observed motions in these 
pairs are exceptionally slow, and the observational errors arc more 
important than for most others. 

For stars with “good” orbits the dynamical parallaxes are much 
more accurate. The statistical scatter of the masses around the 
values given by the mass-luminosity relation has but a small effect, 
corresponding to a probable error of ± 4 per cent in the parallaxes. 1 ' 1 
The uncertainties of the orbital elements are more serious but are 
difficult to evaluate numerically. To get an idea of them, the values 
of A„ computed from the orbits finally adopted as the best, were com¬ 
pared with those derived from the earlier orbits entered on our cards, 
and we chose the most discordant value among these (except for 
a few cases where obvious errors existed). Dividing the orbits into 
three grades, and separating the larger and smaller parallaxes in the 
“good” group, we secured the results given in Table 4. Here “A.D.” 
denotes the average deviation, regardless of sign, of an individual 
ratio from the mean; and “P.E.,” the corresponding probable error. 


TABLE 4 

Ratios of Old to New Values of h. 



h t 

No. 



mm 

Good. 

>0^05 

25 

0.98 ±0.007 

±0.043 

±0.036 

Good. 

<0.05 

30 

i.03± .012 

.080 

.068 

Fair. 

All 

24 

I.i4± .04 

.21 

.18 

Poor. 

All 

8 

i.i7±o.i4 

±0.44 

±0.40 


For the poorer orbits the new parallaxes are smaller than the old— 
probably because the early distances were usually measured too great. 
* 4 1, p. 96; also § 23. 
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For the “good” orbits this does not happen; but tlu* accidental error 
is larger for the small parallaxes, for obvious reasons. 

The differences between the old and new orbits represent the 
effect of including about twenty years’ additional observations. 
The probable errors of the parallaxes derived from the new orbits 
are presumably at least as large as those given in Table 4. A dy¬ 
namical parallax derived from a “fair” orbit is therefore better than 
a spectroscopic parallax, and one from a “poor" orbit is little better 
than a “poor” dynamical parallax where no orbit is known. 

12. Combined Weights .—A consistent system of weights, inversely 
proportional to the squares of their percentage probable errors, may 
now be assigned to the various data. A “good" dynamical parallax 
was assigned weight x, corresponding to a probable error of ± per 
cent. The “fair” and “poor” determinations then have weights 
a and J. Dynamical parallaxes derived from “good,” “fair,” and 
“poor” orbits have been given weights 10, .t.5, and 0.(17. The theo¬ 
retical weights for some wide and well -observed systems, like Sirius 
and a Centauri, are still greater; but to adopt them would give these 
stars an overwhelming preponderance in the means, which is sta¬ 
tistically undesirable. 

The probable error which was originally assigned to the Mount 
Wilson spectroscopic parallaxes corresponds to the weight a.5, and 
this has been used in the computations. For the spectroscopic paral¬ 
laxes determined elsewhere for stars of class Fo and later, the weight 
a.o has been assumed, and x.o for all A and B stars. For the trigo¬ 
nometric parallaxes, the weight differs from star to star and is given 



where / is the reduced probable error. The same process has been 
applied to the cluster parallaxes, the error being estimated in a few 
cases where it is not published. 

In the final means, all the data for each star must evidently be 
given the same weight, which corresponds to the accuracy with 
which the ratio of the dynamical and spectroscopic (or other) paral- 
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laxes can be determined. Since all our weights are assigned on a per¬ 
centage basis, this weight p is given by the usual equation 


php 

ph + pt ’ 


( 20 ) 


where p h and p, are the weights of the dynamical (h z ) and spectro¬ 
scopic determinations, respectively. For the trigonometric com¬ 
parisons a different weight, involving p t instead of p», must be used. 
In this case the weights vary from star to star and were computed 
individually; but for the spectroscopic parallaxes only a few values 
of ph and p, appear. The weights given by equation (20) are then as 
shown in Table 5. Since there is no real significance in giving weights 


TABLE 5 

Weights for Spectroscopic Parallaxes 


Dyn. Par. 

Ph 

*> 8 - 2-5 

P 

Pa “2.o 

P 

Adopted p a 

P m Pa 

Good. 

1 

0.71 

0.67 

0.7 

0.50 

Fair. 

0.67 

■53 

-50 

•5 

.40 

Poor. 

o .33 

0.29 

O.29 

0-3 

O.25 


to a few per cent, the round numbers (headed p a in Table 5) were 
used throughout, with considerable saving of labor. 

13. Corrections to the Weighting System .—Long after the extensive 
tabulations based on this weighting system had been completed, it 
was found that the relative weights assigned to the trigonometric, 
spectroscopic, and dynamical parallaxes should have been different 
—though the weighting system for each separately is fairly good. It 
can be shown (§ 29) that, under these circumstances, the mean 
error of a parallax of each sort will, nevertheless, be correctly given 
by the equations, and that the only effect of a recomputation would 
be to alter to a small degree the relative weights assigned to “good,” 
“fair,” and “poor” dynamical parallaxes in deriving the final mean 
results, so that no revision is necessary. 

A more serious complication arises as follows: The statistical er¬ 
rors of equation (13) are independent of the distance of the star, but 
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this is not true of the observational errors. These are proportionally 
larger for distant stars and tend also to introduce a systematic error. 
If the observed relative motions in angle and distance were deter¬ 
mined by least squares—or, as was actually the case, by an impartial 
graphical process which leads to substantially the same results— 
positive and negative errors are equally likely in the two components 
or in the total rate of motion w; but the value of w 2 , which appears 
in equation (13), will be systematically too great. If the dispersion 
in absolute magnitude is small, the modulus mb — M 0 gives a good 
idea of the actual distance. When this is large, the reduction factor 
/ is great, and errors of observation are much magnified. This does 
no harm for the trigonometric parallaxes, since the probable error 
of these is correspondingly multiplied, and the weight accordingly 
reduced. 

In the comparison with spectroscopic parallaxes the weights of 
both s' and hi were treated as independent of the distance. It would 
appear desirable to diminish the weight of hi for distant stars; and 
this would be necessary if we had included all pairs which had been 
observed over a given interval, regardless of the number or the 
consistency of the observations. 

In fact, however, only well-observed pairs have been given high 
weight, and badly observed pairs have been rejected. Great care was 
taken to make the criterion of “goodness” depend on the accuracy 
with which the motion w could be determined (as compared with 
pairs of similar type) and not on the amount of this motion. This 
policy should result automatically in the exclusion of most of the 
pairs in which the derived value of w would be due largely to errors 
of observation, and so should diminish the difficulty. 

14, Observational Selection .—It emphasizes, however, a more 
serious difficulty arising from the well-known concentration of the 
interest of double-star observers, during most of the past century, 
upon “moving” pairs. There can be no doubt that the “fixed” pairs 
have been systematically neglected. It might be possible to remove 
much of the effect of this neglect by systematic reobservation (large¬ 
ly by photography) of all the stars which have been well observed 
at a distant date—notably all the Struve stars. But the computer, 
at the present time, must take what there is. 
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The effect of this type of selection, when seriously present, is 
strongly systematic, favoring large values of w, and thus of h x . It 
should be met by rejecting the vitiated results (if possible) rather 
than by changes in the weights. This is discussed in § 35. 

These difficulties appear only when the statistical process has to 
be used. Even a poor orbit usually corrects pretty well for the fore¬ 
shortening factors, and the accidental errors of measurement are 
diminished in the determination of a, much as in any ordinary mean. 
Systematic errors in the distances may, however, still be present in 
pairs which are always very close. 

D. SOURCES OF ERROR AND CORRELATIONS 

15. Statement of the Problem .— Accuracy in an investigation such 
as the present one depends upon a full study of the various sources of 
error which are present in the data, and of the correlations between 
them. 

In general, we may write 

t = p( 1 + *0 ; s = H* + /); k = a 1 / 3 p(. 1 + «'), (21) 

where x\ y', and z' represent the combined influence of all errors— 
accidental, systematic, and statistical. If Mb is the absolute magni¬ 
tude corresponding to the observed magnitude and the true paral¬ 
lax p, Mb — mb + S + S log p, whence by (18) 

f = ~~z . (22) 

Set 

IQ o.i(Mb-M,) _ j _j_ _ (23) 

Let us also set 

M 1 /® = + U') , (24) 

where m 0 is a mean value to be specified later. We then have, by 
(17), for every star 

f = 0.1(1 + a/)(i + w r ) , ) 

s' = 0.1(1 + y')(i + w '), L (25) 

h' t = o.im5 / ' 3 (x + w')(i + z')( 1 + w '). J 
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We have now to express these equations in terms of variates between 
which the correlation is zero, or at least very small. This is already 
the case for x', s', and w'; the first arises from errors of parallax 
photographs, the second from those of double-star measures and 
from the foreshortening effect for slow-moving pairs, and the third 
from differences in absolute magnitude. 

16. EJJects of Mass-Luminosity Relation .—There is, however, a 
correlation between u' and w\ For single stars, u' may be resolved 
into two components, one arising from differences in mass which are 
in accordance with the mass-luminosity relation, and the other from 
the outstanding individual discordances. 

The mass-luminosity relation is here taken as an empirical fact— 
which is explained in principle by Eddington’s theory , 2S For those 
stars for which reliable data arc available, the deviations from this 
semi-empirical relation are very small (except for white dwarfs), 
and their mean value does not differ significantly from zero (see 
§ 23). Differences which are in accord with this relation will be com¬ 
pletely correlated with w'. The empirical relation may be sufficiently 
represented by 

m = CL n , (26) 

where L is the luminosity and C and n are constants (p. 1x2, § 60). 
If L 0 and m„ correspond to M„, L = L 0 (l + w')~ 2 , giving 


mV* = + w')~ ln . 


We may then set 

I + «' “ (1 + m)(i + , 


(* 7 ) 

(28) 


where u represents the discordance from the mass-luminosity rela¬ 
tion- -that is, the differences in mass among stars of the same abso¬ 
lute magnitude—arising presumably from differences in internal 
composition or constitution. These are quite uncorrelatcd with w', 
and doubtless also with %' and s'. We then have 

K « o.xm; /3 (i 4- «)(x + s')(i -|- w')'-Ws , (29) 


H The Internal Constitution of the Stars, pp. 137 and 153, Cambridge, 1936. 
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We may make the mean w vanish by defining as the mean of 
m i,/3 for all stars of our group which have the absolute magnitude 
Mo- In the present work we have to deal with groups of stars within 
very narrow ranges of spectral type. In such a group the visual and 
bolometric differences M — M 0 will be substantially the same; and 
the values of n may be derived from Eddington’s equations, 26 which 
give n = d log u./d log L = (20 — iSjS)/(28 — 6(9), and thence, 


Jlfbol. 12-5 10 7.5 S 2-5 o — 2.5 — S 

n . 0.23 0.23 0.24 0.26 0.29 0.37 0.48 0.59 


For main-sequence stars, M bol is +0.9 for Ao, and +6.9 for Mo, 
and n ranges from 0.34 to 0.24. The mean value 0.27 may be 
adopted from A5 to M5. For typical giants M bol is +0.4 for G2 
and —2.7 for M2, giving n = 0.36 and 0.49. It suffices to adopt a 
mean value 0.42. 

The theoretical values were adopted early in the present work. 
Its final results (p. 89, Eq. [94]) indicate that n = 0.30 gives a 
satisfactory representation for all binaries so far observed. 

Equation (28) holds good for the brighter component of the pair. 
For the fainter, we may use the same value of w', which, amounts 
to as su ming that the standard absolute magnitude used for deriving 
/is M 0 4 - Am, where Am is the observed magnitude difference. The 
value of u is then definite and may not be the same as for the brighter 
component. 

We now have 

XI, = Moi(l -h Mi) 5 ( I + v/)~ 2n ; M a = M oa (l + M a ) 3 (l + w')~^ n , 

whence 

M = Mo(l + «) 3 (l + W , )~ ,n , 

where m 0 is the sum of the masses corresponding to the absolute 
magnitudes M 0 and M 0 + A M and where (x + «) 3 is a mean of 
(1 + Mi) 3 and (1 + Ma) 3 weighted according to the masses. 

Unless the fainter component is a white dwarf, u is likely to differ 
very little from u z . Barring such exceptional cases, we should have 

* Ibid., p. I3S- 
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u = o. It should be especially noted that the bolometric magnitudes 
(corrected for Eddington’s temperature factor) are supposed to be 
employed in determining M 0 , though visual magnitudes may per¬ 
fectly well be used in calculating /. 

17. Correction of Spectroscopic Parallaxes. —Spectroscopic paral¬ 
laxes are not direct determinations but depend upon calibration of 
the spectral criteria with the aid of other data, such as trigonometric 
parallaxes and proper motions. The authors have shown’ 7 that the 
method of calibration which was used (and which was the reason¬ 
able one to use) gives correct values for the mean of the spectroscopic 
absolute magnitudes (or the closely related quantities s') for the 
stars of a given spectral subclass, but that it leads inevitably to a 
serious underestimate of the differences of these quantities from the 
mean. 

The effects of this may be represented with sufficient accuracy by 
setting, in place of equation (25), 

s' — o.x {x + l(y' + w' + y'w') } , (30) 

where l is a constant, considerably less than unity, which must be 
determined empirically by comparison of spectroscopic with trigo¬ 
nometric or other parallaxes. 

Here y' represents the combined effect of the accidental errors of 
the spectroscopic estimates and of the real differences in absolute 
magnitude among stars whose spectra are similar in the criteria for 
absolute magnitude as well as those for spectral dass. It is well 
known that identity of these criteria demands (to the first approxi¬ 
mation theoretically) that the stars shall have the same surface 
brightness and surface gravity (whence m/L = constant). It tells us 
only that the point representing the star on a mass-luminosity 
diagram lies on a certain straight line. Spectroscopic determination 
of parallax is possible because the points are strongly dustered along 
a mean mass-luminosity curve. The intersection of the line with this 
curve gives the “spectroscopic luminosity.” Let M,, L z be a point on 
this curve. The approximate equation of the curve in its vicinity is 

>7 n, This conclusion has been confirmed by van Rhijn, Groningen Put., No. 49. 
P- 30, 1939 - 
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m/m, = L n /Li. Consider a star of luminosity L t but of mass 
m,(i + u) 3 . The spectral criteria give 

M _ L 

Mi(i + u ) 3 Li ' 

The spectroscopic luminosity derived for this star will then be L t = 
L,(i + u) 3/( ' n ~ l) ; and the spectroscopic parallax, computed on the as¬ 
sumption that the light is L 2 when it is really L lt will be multiplied 
by the factor (Li/L 2 ) I,a or (i + «) 3/(3 ~ 2n) . 

If y" represents the accidental error of the spectroscopic esti¬ 
mates, we then have i + y' = (i + y") (i + u) n ', where 


or, to the first order, 

y' = y" + n'u . (32) 

There is no reason to suppose that y" is sensibly correlated with u, 
x', s', or w', or, therefore, that y' is correlated with the last three. 

The spectroscopic parallaxes s', as tabulated, give very nearly cor¬ 
rect mean results for groups of stars selected according to the 
spectroscopic absolute magnitude. But when the selection has been 
made by criteria independent of these spectroscopic peculiarities 
(as is the case for the double stars here considered), a correction is 
necessary to reduce them to the system defined by the trigonometric 
parallaxes. This may be made by the equation 28 

s" = s' + C(s' - , (33) 

where C = (1 /l) — 1. For giant stars, C == 0.6, 5 , = 0*094, while 
for those of the main sequence C = 1.6 and s, has the following 
values: 


Sp. As F2 F7 G2 G8 K4 M2 

s x .o''io8 0^x07 o?io4 0T104 o?ioo 0^104 oTxox 


Equation (33) may be applied directly to the means, 7 . 


*»II, p. 418. 
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18. Trigonometric Errors. —We have now reached a system of 
variates x', y", s', w', and u which should be free from sensible cor¬ 
relations, and we may consider their mean values and standard 
deviations. 

The errors x arise solely from the measures of the parallax obser¬ 
vations. The systematic errors of t have been very carefully in¬ 
vestigated and corrected by Schlesinger. The parallaxes of his cata¬ 
logue' 19 form a homogeneous system, and later investigations have 
confirmed his conclusion: “I regard it as more probable than not 
that the correction needed to make this system absolutely true as a 
whole does not exceed o'fooi.” The probable errors given in the 
catalogue have also been carefully adjusted, and there is strong evi¬ 
dence"’ that they fairly represent the real values of the accidental 
errors. 

In general, however, let us set 

(1+ O = T(i + x) , (34) 

where T = 1 + and x — o. Here T is the mean ratio of the 
trigonometric to the true parallax. We will assume T = 1, which 
amounts to adopting Schlcsinger’s system as a standard; but it 
should be kept in the equation for the present. 

19. Errors of Double-Star Data. —The values of z' arise from two 
sources- the errors of double-star observations, and the foreshorten¬ 
ing effect in slow-moving pairs. The constants for these have been 
so adjusted that s 7 «* 0 for a random geometrical distribution—and 
for a certain assumed distribution of orbital eccentricities derived 
from visual binary orbits. Neglect of 1 ‘fixed’ ’ pairs by observers may 
vitiate this assumption and produce a positive value. The mean 
value of the observational part of 2' will vanish if there is no general 
systematic tendency of observers to measure distances too great, or 
too small, or to exaggerate slow motions. This last effect is doubt¬ 
less present for the most distant stars and has been partly allowed 
for (§35). 

** General Catalogue 0} Stellar Parallaxes, Yale University Observatory, ed. 193$. 

a* II, p. 433, 
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We may then set 

i 4- 2' = H(i + z) , (35) 

where H may be slightly greater than i but cannot be exactly esti¬ 
mated a priori, and 2 = o. 

20. Dispersion in Absolute Magnitude—The quantity w' depends 
on the real deviations in absolute magnitude from the standard 
value Mo and on the observational errors of the apparent magnitude 
Mb- The dispersion of the former is of the order of ± o'! 1 ? even for 
stars of the same spectral subclass, 31 while the standard deviation of 
the latter is less than ±o m i for photometric determinations and 
probably less than ± o“3 even for Bonner Durchmustermg magni¬ 
tudes (with the Harvard corrections). For statistical purposes the 
observational errors of mb may therefore be neglected. 

Let us now set x + w' = C(i -f w), where w = o. By equation 
(23) Mb - Mo = S logio (x + w r ) = 2.17 ln( 1 4 - w') = 2.ij(lnC + 
w — + ....), whence, in the mean, 

an - Mo = 2.17 (inc -iw*+ 


where W is the standard deviation of w. If we set 




( 36 ) 

we have 

1 + w' = F(i + iW 2 )( 1 + w) . 

( 37 ) 

We now have from (25), (34), and (37) 



t' = 0.1 TF( 1 + 4 W)(x + *)(r -f- w) . 

(38) 

The mean is 

7 = 0.1 TF( r + W 1 ) , 

( 39 ) 

whence 

t' - 7 (i + «)(x + w) . 

(40) 


>■11, p. 413. 
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The spectroscopic parallaxes are reduced to the trigonometric system 
by the correction (33), so that, apart from individual accidental 
errors, s 77 = 7 . Then by (33) 


s" = 7 + 


s' -7 


1 


But by (30), (37), and (38) 


s' 


= 0.1(1 — l) + 


iTij + w)(i + y') 
T 


Setting T = 1 and y' = y + y', we have 


s" = F(i + w + y + wy + wy 7 + wy) . 


The last two terms are small, and we may set 

= F(i + y)(i + w) , (41) 


where y = o. 

21. Final Equations .—From (29) and (35) 

h[ = 0.1 + m)(i + z)(i + w') s ~ ln/ 3 . (42) 

Setting 

1 - f n = k, (43) 

we find, without difficulty, 

(1 + w') h - F k ( 1 + p‘r)(i + kw + \k{k - i)(w> — W a )} . 

The last term in the braces vanishes in the mean and has the small 
factor \{k — 1) = — \n. It may be neglected. 

Let be the combined mass, corresponding, according to the 
mean mass-luminosity relation, to the absolute magnitudes Mb and 
Wb + AM. Then by (22), (27), and (36), m£ / 3 = Mj /3 F~ m/i . Substi¬ 
tuting in (42), 

h' x - + \k*W a ){i + m)(i + z)( 1 + kw ). (44) 

This equation has here been derived on the assumption that the 
mass-luminosity relation is given by (26); but, if Mb had been 



26 


THE MASSES OF THE STARS 


adopted as standard in the reductions instead of M 0 , it would 
obviously have been true, with F = i, whatever the form of this 
relation. The choice of M 0 simply multiplies every value of h' by the 
constant factor F given by (36). Hence, (44) is generallytruc. From 
star to star m 0 is not the same, for AM differs though M b is fixed. If 
14 is the mass corresponding to we may set + o'), 

where o' is a function of A M and Mb, defined by the mass-luminosity 
law. If we set 

M 173 = + 7 ) , ( 45 ) 

we may write 

M V 3 — -f 0 ) , 


where 0 = 0; whence 

Jh = o.im 1 AB7?(i -)- \k 2 W 2 ){ 1 + o)( 1 + w)(i + z)(i + kw) . (46) 

If the peculiarities of the components in absolute magnitude are 
not correlated, unusual brightness in the principal component (in¬ 
creasing u or w, or both) will increase AM and decrease 0. In prac¬ 
tice, 0 is small, and this correlation may be neglected. We may then 
set 

W t = o.iu^HF(i + WW 2 ) , ( 47 ) 

K = + o)(i + «)(1 + z)(x + kw) . (48) 

E. THE DISPERSION CONSTANTS 

22. Magnitude Differences. —The mean-square values 0 , U, W, 
X, Y', and Z of the variates 0, u, w, x, y', and z may be found in 
various ways. 

The first depends only on the distribution of the magnitude dif¬ 
ferences AM. If m(AT) denotes the mass corresponding, by the mass- 
luminosity relation, to absolute magnitude M, 

< I + ^ + zsi^a. 

The value of o' is always 0.260 when AM = o, and 0.000 if AM = «. 
For other values it depends slightly upon M. For M = o and M — 5 
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the maximum difference occurs when AM = 3.0, the values of o' 
being 0.149 and 0.117. 

There are 85 pairs in the list for which the visual Am has been 
measured photometrically; and both spectra are known, so that the 
bolometric AM may be accurately determined. Taking the means 
of o' for M = 0 and M = 5, we find for these stars o 7 = 0.180 with a 
standard deviation a of ±0.058 for the single case. The correspond¬ 
ing value of 0 is ±0.049. 

For 124 binaries for which orbits have been computed, using the 
visual Am, it is found that o' = 0.209, a — ± 0.051, and 0 = 
± 0.042. 

23. Orbits; Deviations from Mass-Luminosity Relation. —For re¬ 
liable orbits the combined effect of z and u is very small. It has been 
determined anew from those binaries which have good orbits, and 
from trigonometric parallaxes whose probable error r t is less than 
o.id 3 * (where d is the dynamical parallax derived as in I [selection 
according to r t /t would have introduced a systematic error]). There 
are 24 such stars, but one— o 3 Eridani BC—is a white dwarf and 
must be excluded. Data for the remaining 23 arc given in Table 6. 
The second column gives the “hypothetical” parallax for mass 
unity, hi, the third, the trigonometric parallax and its probable 
error (all in units of o'fooi). Next follow the bolometric absolute 
magnitude of the brighter component, Mb, corresponding to t, 
with bolometric correction from I, Table A, and the corresponding 
mass Mb by Eddington’s formula. 33 When the spectral type and 
bolometric correction are known for the fainter component, its mass 
can be similarly determined; but the mass ratio M//m& has been 
directly determined for all but four of the stars, 34 while there are 
14 for which the spectral type of the companion would have to be 
estimated from the change with absolute magnitude along the main 
sequence. The mass of the companion has therefore been derived 
from the observed mass ratio whenever possible. 35 The estimated 

I, p. 96. 

55 The Internal Constitution of the Stars, p. 137, with correction +o n .'jo to the abso¬ 
lute magnitudes (I, p. 96). 

See HufCer, Ap. 80, 269, 1934; Pitman, A.J., 44, 63, 1933; Merrill, Ap. 

56.40,1922; Mt. W. Contr., No. 240. 

» This also avoids trouble with the white dwarf Sirius B. 
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values are in brackets. Both components of £ Ursae Majoris are 
spectroscopic binaries—the only ones in the list. The mass ratios in 
the dose pair Aa and the wide pair Aa, Bb are known, the latter 

TABLE 6 


Visual Binaries with r t /d< o.io 


Name 

B 

■ 


Eddington’s Formula 

Linear 

Formula 

m 5 

M//M& 

kM - x /3 

D 

ft,It "/ 3 

D 

a CMa. 

563 

373 ±2 

4 * 1.52 

2.65 

o -39 

365 

—0.02 

358 

—0.04 

a Cen. 

949 

756 ±7 

+ 4-75 

1.10 

0.85 

747 

— .01 

741 

— .ox 

a CMi. 

362 

291 ±4 

+ 3-°4 

1.70 

0.35 

274 

— .06 

268 

— ,08 

a Aur. 

123 

63 ± 1 

— 0.21 

4-77 

0.79 

60 

- .05 

6l 

“ .03 

Kr 60.. 

188 

258 + 4 

+ 10.2 

o -33 

0.59 

234 

- .09 

2 55 

— .01 

70 Oph. 

229 

196 + 4 

+ 5-47 

0-93 

0.82 

192 

— .02 

192 

— .02 

rj Cas. 

19s 

182 ± 5 

+ 5 -°9 

1.01 

0.32 

1 77 

- .03 

176 

- .03 

£ Boo. 

171 

147 ±6 

+ S -64 

0.89 

0.92 

143 

- .03 

i 43 

- .03 

jS 416. . 

150 

147 ±6 

+ 6.29 

0.77 

o .75 

136 

— .08 

138 

— .06 

£ UMA. 

166 

138 + 6 

+ 5 - 5 °t 

0.92 

0.77 

128 

- .07 

128 

- .07 

/.Her (BC).... 

105 

109 ±6 

+ 8.9 

o .43 

1.00 

IIO 

+ .or 

117 

+ .07 

f Her. 

127 

no ±5 

+ 3-35 

x.S8 

0.43 

97 

— .12 

95 

- .14 

8 Equ. 

84 

6o±4 

+ 4.24 

1-25 

[o- 9 °l§ 

63 

+ .05 

62 

+ .03 

9 Pup. 

84 

60 ±4 

+ 4.76 

x .10 

0.89 

66 

+ .10 

65 

+ .08 

44 Boo. 

102 

79±5 

+ 4.86 

1.07 

O.64 

85 

+ .08 

84 

+ .06 

2 2173. 

82 

5°±4 

+ 4-46 

1.18 

[o. 97 l§ 

62 

+ .24 

61 

+ .22 

99 Her. 

78 

49 i 5 

+ 3-88 

i -37 

o -43 

62 

+ .26 

61 

+ ,24 

/9 648. 

83 

S8±S 

+ 4-17 

1.27 

54 

66 

+ .14 

65 

+ .12 

85 Peg . 

92 

86±6 

+ 3.62 

0.89 

0.82 

78 

- .09 

78 

- .09 

7 Vir. 

116 

89 ±7 

+ 3 - 7 i 

1.43 

I .00 

82 

— ,08 

80 

— .10 

i Cnc. 

60 

39±4 

+ 368 

1 .45 

[0.86] § 

43 

+ .10 

42 

+ .08 

r Cyg. 

70 

So±S 

+ 3.72 

x .86 

0.67 

48 

- .04 

47 

— .06 

0 395 . 

77 

7*±6 

+ S'® 2 

0.90 

[0.96H 

64 

—O.IX 

64 

— O.IX 


* Unit of parallaxes “o.ooi. 

t Bolometric absolute magnitude of brighter component corresponding to t, 
t Spectroscopic binary correction applied. 

§ Brackets indicate mass ratio calculated from Aw with estimated spectral class of fainter component. 

being the tabular The entries Mb and Mi refer to component 

A. The faint component of 44 Bootis is an eclipsing binary. The ob¬ 
served M//m» refers to the combined mass of the pair. 

Having thus found the total mass, m, we compute h t This 
should equal t if the mass-luminosity relation were exact and there 
were no errors of observation. The proportional residuals D = 
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(A,m -i/s — t)/t are given in the eighth column. Their mean-square 
value is the observed coefficient of variability, v'. They are affected 
by the errors in t, both directly and indirectly through m, since 

du dL dt 

m L t ’ 

so that 

dD = (■§» — 1) — . 

t 

With the adopted value n = 0.27, dD — — 0.82 (dt/t). In the last 
two columns of the table are given A i m - i/3 and D, computed with the 
empirical linear formula log mJ /3 = — 0.040 (Mb — 5.20) (eq. [94], 
§ 66), which has been finally adopted for the dynamical parallaxes of 
the present work. The differences are insignificant. The coefficient 
of variability, v t , arising from the errors of the observed parallaxes is 
the mean-square value of ri/0.675/. If v* = v' x — (o.%2v t ) 2 , v will in¬ 
clude the errors of double-star observation (z) and the departures 
from the mass-luminosity law («). We find the following: 


rt/d 

No. 

Eddington’s Formula 

Linear Formula 

v' 

n 

0 

1 7 

m 

m 

V 

<0.05. 

12 

±0.060 

±0.048 

±0.045 

-0.047 

±0.061 

±0.047 

-0.037 

0.05-0.10, . . 

IX 

± .136 

± .123 

± .091 

+ .060 

± . 126 

± .078 

+ .°43 

All. 

23 

fO 

0 

H 

O’ 

-H 

±0.092 

±0.070 

+0.009 

±0.098 

±0.062 

+0.001 


The last values may be taken as representing the combined effect of 
z and u for good orbits. The departures from the mass-luminosity 
relation are very small. The algebraic means, D, given in the sixth 
and ninth columns, indicate no certain correction to the zero-point. 
It is probable that U does not exceed 0.05. Inclusion of 0, which has 
been eliminated in the foregoing calculation, would raise the mean- 
square error, resulting from z, u, and 0 together, for these stars to 
0.086, taking 0 as 0.05. 

These orbits are more accurate than the general run of those 
called “good,” so that the combined effect for the average good orbit 
is probably 0.10 or more. But good orbits have received weight xo 
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on our system; hence, we may adopt provisionally Z\ = o.io for unit 
weight. Thi s includes the effects heretofore called 2, u, and o. 

24. Physical Pairs; Statistical Errors. —For slow-moving pairs, 
when the statistical process is used, 2 has a nearly normal distribu¬ 
tion with a probable error of 20.4 per cent, and v = ± 0.30 (I, p. 
94). The error of u is negligible in comparison, but an addition 
should be made for observational error. From Table 3 we may esti¬ 
mate the corresponding coefficients of variability as ±0.08 for cases 
graded “good,” ±0.31 for “fair,” and ±0.50 for “poor,” making the 
resultant v = ±0.31, ±0.43, and ±0.55 in the three cases. With 
the weights previously assigned in the reductions (1, f, and |), this 
gives, for unit weight, v — ±0.31, ±0.35, and ±0.32. We may 
adopt v = +0.32 and Z\ = 0.10. The agreement with the value 
determined independently for the orbits shows that the original sys¬ 
tem of weights was a lucky guess. 

For these stars, O 1 and U 2 are negligible in comparison with Z 2 . 
Hence, in practice, the influences of 2, u, and 0 may always be 
lumped under the heading “Z.” 

25. Trigonometric Parallaxes; Absolute Magnitudes.- -There is 
good evidence 36 that the probable errors given in Schlcsingcr’s cata¬ 
logue correctly represent the accidental errors of the trigonometric 
parallaxes. The unit of weight adopted for p t (eq. [19]) corresponds 
to a reduced probable error r' = ±o''o28, or a mean error ± 0*0415. 
Hence, by (40), we have for unit weight 

= = 0.415. • ( 49 ) 

The mean-square coefficient of variability for the adopted unit 
of weight is therefore 0.172/(10 1) 2 for the trigonometric parallaxes 
and 0.100 for the dynamical. The weighting system which has been 
adopted gives too low a relative weight to the latter. This was de¬ 
rived from the probable error of ± 28 per cent, adopted for a good 
dynamical parallax in § n; but this is not that of h t but of d = 
n 0 Ahj , 31 where the factor n^A , derived from the mass-luminosity law, 
is correlated with the statistical errors of K and considerably in¬ 
creases them. To change the weights throughout the main mass of 
II, p.422. 37 I, p. 98. 



VISUAL BINARIES 


3 * 


computations would be a waste of labor; for, as is shown in § 29, 
it would amount only to a slight change in the relative weighting of 
the various grades of dynamical parallaxes, which contains a con¬ 
siderable arbitrary element anyhow. 

The value of W has been derived in the comparison of trigono¬ 
metric and spectroscopic parallaxes. From 1140 stars of the main 
sequence the mean-square value of W was found to be +0.344 38 
(corresponding to a standard deviation of ±0^72 in the absolute 
magnitude). The values for such groups by spectral class are all 
near this mean, with a slight tendency to diminish for the later 
types, which may here be disregarded. For 732 giants the mean- 
square W is ±0.52 (and the standard deviation ± 1T07). This larger 
value arises from the inclusion of a considerable number of super¬ 
giants and subgiants. The proportion of the former among the 
double stars is considerably smaller, so that this value of W should 
be too great for these. Values of W derived from the double stars 
themselves have therefore been preferred (§§ 33 and 37). 

26. Spectroscopic Parallaxes .—The same investigation gave values 
of l and Y'. For the Mount Wilson spectroscopic parallaxes, all of 
which were given the same weight, the main-sequence stars gave 
l = 0.38 and Y' = ±0.38; and for the giants, l — 0.63 and Y' = 
±0.38. 

By (32) Y " 2 + n'*U 3 = Y' 2 . Adopting U = ±0.05, we have for 
the main sequence n' = 1.37 and Y" = ±0.374, and for the giants 
n’ = x.73 and Y" = ±0.371. The correlation between h t and s", 
introduced by the presence of u in both, is therefore practically 
negligible. 

A check upon these values of Y may be obtained from the spectro¬ 
scopic absolute magnitudes themselves. Counts of the Mount Wil¬ 
son spectroscopic absolute magnitudes, S, communicated by Mr. 
Joy, give the distribution of S — So for 1707 main-sequence stars of 
classes A6-TC3 and for 1788 giants of classes G0-M7, shown in 
Table 7. Supergiants and subgiants are excluded. Both distribu¬ 
tions are skewed, with the mode at about +0.1 and an excess of 
large negative residuals; but the assumption of a normal distribu¬ 
tion would lead to no serious errors. 

**II, p. 412- 
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TABLE 7 


S - So . 

on>o 

0™I 

o^a 

0^3 

o "4 

jo^s 

l 

0^6 

0 m 7 

0?8 

o^J 

i™o 

i 1 ! 1 1 

i ™3 

l ”*3 

l ™4 


6 

i ™7 

i»8 



Giants 

Post. ,.. 

231 


P07 

180 

T?? 

6S 


14 

0 

8 

6 

2 

1 








Nee 

189 

136 

108 

74 

36 

34 ! 

10 

6 

0 

5 

2 

2 







• • • • * • 
















Main Sequence 

Pos. 

162 

166 

188 

148 

102 

■ 

88 

60 

/ 14 

20 

14 

8 

5 


I 

I 



i 

I 



N eg. 

142 

126 

no 

83 

58 

40 

37 

21 

21 

18 

7 

7 

II 

4 

5 

4 

3 

1 

I 


From these data we have, setting S — S 0 = v, 


Mean Value of. 

V 

Tl a 

V 3 

V 4 

Main sequence. 

+0,001 

4-0.208 

- 0-055 

4-0.179 

Giants. 

4-0.029 

4-0.116 

—0.005 

4-0.050 


Now, if So corresponds to S 0 , 

s' — s'o — s'o exp 0.46(5 — So) ; 

whence, if a — 0.46, 

7 = s'o( 1 + arj + +-) 

= 1.022 (main sequence) or 1.026 (giants) , 

~ -;~ r'~ = ~ C»?) 3 } + ^M 1 ? 3 — y*’ y) 

+ -rSro-'' {77;^ - 41? 3 • y - sM’) . 

giving 0.043 for the main sequence and 0.023 for the giants. The 
corresponding value of P(F 3 + W*) for the main sequence is 0.041. 
With 1 = 0.38 and W — ±0.34, we find Y' = ±0.41. The agree¬ 
ment is close, as it should be, since less than half the data in the 
present group are independent. 
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For the giants we find l 2 (W 2 + Y' 2 ) = 0.022. With the values 
previously found for a grouping including supergiants and subgiants, 
this quantity turns out to be 0.164. 

If the regression-curves on which the spectroscopic calibration is 
based are correctly drawn (as appears to be substantially the case 
for the giants 39 ), we should have l = W 2 /(W 2 + Y' 2 ). Introducing 
this, we have, with the new and old groupings, 

W* - 0.022 W 2 = 0.022 Y ’ 2 , W* - 0.164 W 2 = 0.164 Y' 2 . 

If we adopt the value Y' = ± 0.38, given consistently by the dwarfs 
and giants, we find W = ±0.51 for the old grouping, and W = 
±0.26 for the new—from which l = 0.32. These values are rather 
rough, but they illustrate the great effect of deliberate selection by 
absolute magnitude. 

We may adopt for the spectroscopic parallaxes Y' = ± 0.38 and 
Y ' 2 — 0.144. The probable error of ± 18 per cent derived by Adams 
gives Y ' 2 = 0.071; but this is too small, on account of the influence 
of the factor l. 

If the unit of weight corresponds to a mean error of ±0.172, as 
for the trigonometric parallaxes, we should have the weight of a 
Mount Wilson spectroscopic parallax 2.4 on the uncorrected data 
and 1.2 after correction. But, compared with the dynamical paral¬ 
laxes for which unit weight corresponds to 0.100, the weight of a 
spectroscopic parallax, corrected as described in § 17, equation (33), 
should be 0.69. 

27. Equations for Trigonometric Parallaxes .—The values of W and 
Y were originally obtained from solutions involving the double 
stars alone. We start with the equations 

K = + *)(i + kw) = ¥ t + v , weight fh, 

t' = F(i + x)(i + w) =* ? + s', weight p t . 

The entries for each star have a weight p, defined by 



1 

P 


—+ - 

pK Pt 


( 51 ) 


3 * II, p. 414. 
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We then have, for the residuals for the N stars of our group, 


N_ [pvn] 
N -1 JS 2 « 


= [pz*] +’ = NE , 


tj ~l - [px*\ + [ P w*\ = NE ', 

rh ^ -« - Np ■ 


where the Gaussian brackets denote summations. Many terms van¬ 
ish, since there is no correlation; and those of the fourth order are 
ignored. 

The mean-square value of w 1 is always W; that of z i is 7 A/p h ; and 
that of x? is Xj/pt = {p.ai/l ,J ){Xl/pP). Then 

NE = -I- k‘[p\W> 

NE' - [p\W i 

NF =k[p)W* 

where 

( 54 ) 

or by (si) 

Q" “ -*-<?• (SS) 

The results for groups of stars of different spectral classes and with 
different values of h t , etc.- may be combined by adding the equa¬ 
tions (53) and thus obtaining means of E, F, P, Q, etc., weighted 
according to the number of stars in a group, and, then, weighted 
mean values of the unknowns. 

These equations do not suffice to determine the four unknowns 
X 0 , Z, W, and k\ but, if any one of them can be evaluated from other 
evidence, the rest can be found. For example, we may trust the 
probable errors of the trigonometric parallaxes and set X 0 « ± 0.415; 
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or we may follow §§ 23 and 24 and set Z\ = o.xo; or we may take 
k = 1 - \n (§ 21). 

28. Equations for Spectroscopic Parallaxes .—For (uncorrected) 
spectroscopic parallaxes we may set 

s' = + ly + Iw + lyw) = F + v' ($6) 

and find, as above, 

NE = M = TVQZ* + iypfc’pp , 

N - i F t 2 

NE' = = iVQ'/'F; + NPl 2 W 2 , - (57) 

2VP = = iVP&TF 2 , 

N - 1 ?W X 

where 

NP = [p] , NQ = [£] , W-[£], Q + Q' = x. (58) 

(The use of the same symbols with similar, but different, meanings, 
in equations [53]- [55] and in equations [57H58] can lead to no con¬ 
fusion, as the two sets of equations can never appear in the same 
problem.) 

To solve equations (57), two of the unknowns must be found from 
other sources. The constant l, which is a property of the calibra¬ 
tion of the spectroscopic parallaxes, may be taken from II, and F, 
may be derived from the same source. 

29. Eject of Change of Weights. —The extensive computations in 
which the numerical coefficients of these equations were derived 
were made with erroneous values of the weights. It is therefore of 
importance to see to what extent this vitiates the derived constants. 

In (57) let us set 

Q = Eft , •qJ — Pt . ( 59 ) 

Then r/P h = [p/ph]/[p], so that i/P h is the mean of the individual 
values of i/ph with the weights p; and similarly for i/P,. Now let 
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Z m and Y m be the standard deviations of values of h[ and s' with 
the weights P h and P,. Then Z 2 m — Z\/P h — Z\Q/P, etc., and (57) 
may be written 

Z* m + k*W* = f, 

HY* m +W*) = j,- (60) 

IkW 2 = |. 


Notice that, if p a is constant, P a — p a , and Y m is the standard 
deviation for a spectroscopic parallax. 

These equations hold good formally, whatever arbitrary positive 
values are assigned to the weights ph and p a and their resultants p; 
and Z m is always defined by 

[p] ' 

If the relative weights ph are correctly assigned, the assumption that, 
in the mean, z s = Z\/p h will be true—and also that Z 2 m = Z\/P h — 
so that the true value of Z, will be found, even though the weights 
assigned to 5 may be quite wild. Correct relative values of p, will 
lead to a correct value of F t ; and correct relative values of both, 
though on different scales, to correct values of both Z l and F„ and 
hence of the standard deviations of observations of any assigned 
weights ph and p s . 

For the trigonometric parallaxes the corresponding equations may 
best be written 

Zl + k'W* = |, 

= (6x) 

F 

kW* = j, 

when by (55) 
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An error in the relation of the weighting systems for parallaxes of 
two kinds does not, therefore, vitiate the determination of the dis¬ 
persion constants, so long as each system is internally correct. The 
relative weights which are attributed to combinations of parallaxes 
of the two kinds will be altered, but this difference is not serious. For 
example, the weight p., of a Mount Wilson parallax, relative to the 
system adopted for the dynamical parallaxes, should be changed 
from 2.5 to 0.69, which increases i/p by 1.04. 

TABLE 8 

Effect of Changes of Weight 


Grade 

Physical Pairs 

Orbits 

Tricon ometric 
Parallaxes 

Spectroscopic 

Parallaxes 

Spectroscopic 

Parallaxes 

Old* 

New * 

Ad¬ 

justed 

Old* 

New p 

Ad¬ 

justed 

Old* 

New * 

Ad¬ 

justed 

Good. 

Fair. 

X^oor. 

0.50 

.40 

0.25 

0.367 
• 310 
0.212 

0.475 

.401 

0.274 

0.70 

•SO 

0.30 

0.40S 

.329 

0.228 

0.632 

•513 

0-355 

2 .00 

I.25 

0.50 

0.650 

•543 

0.329 

1.60 

1-34 

0.81 


The resulting changes are shown in Table 8 which also contains 
the changes for a trigonometric parallax of weight 1 on its own scale, 
for which the i/p t is changed from x.oo to 1.72. In the third column 
of each section the new weights have been multiplied by such factors 
that their sum equals that of the old. The effect of the erroneous old 
weighting has been to give the good determinations a little too much 
weight, and the poor ones too little. The changes are obviously far 
too small to worry about. 

_ 30. Formulae for Mean Error .—The mean errors of the quantities 
K and t' may be derived as follows. Let h 0 and t 0 represent the mean 
values for a very great number of observations similar to those em¬ 
ployed. We have then, in place of equation (50), 

K == A»( 1 + *)(i + kw), t' = / 0 (x + jc)(x + w) . (62) 
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For the weighted mean of a group of N observations we will have 





+ • • 



(63) 


whence, for the average of a large number of such groups, in which 
the weights are identical, 


( 3 ? - h) a 


wi K] + W w *} = jf] 


where 


[p] - r = [£], [p] ■ p> = m • 

(64) 

Similarly, 

(? - ^y = ^ + r*w>\ , 


where 


li 

( 65 ) 

By equation (51) R + R' - 1. Also, if we set p = 

(1 +A)(M 

P a = (x + A)P . 

(66) 

The standard deviations of % and 7 are then given by 

1 ^) 1 - = + Cl + 

, (67) 

« + ( > + ' ,)l *"} 

(68) 

We have also to the first order 


K flo(,ljz\ [PA - (y-k) ^--1 


whence 



- . (69) 
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For the corrected spectroscopic parallaxes we have, similarly, 


and then 


s" = t „(i + y)(i + w), 

{<r(?7)}a "|{f ^ + + 


( 7 o) 



§ (|°) 3 {| 2 ? + j- Y* + (1 + A)( 1 - , (71) 


where 

[p].R'=\£ 1 , R=x-R'. (72) 

L2VJ 


31. Errors of Sampling. —The values of E, E\ and F, derived from 
a moderate number of observations, are all subject to considerable er¬ 
rors of sampling. For the average of a great number of observations 
they are defined (for spectroscopic parallaxes) by equation (57). For 
an individual group of N observations, let the values be E -f- g, 
E' + g', and F + h. 

If e = (K — h a )/h a and e' — (s' — s 0 )/s o , then 

Ng — [pee] — NE , 

N*g* = [pee]* - 2 NE[pee] + N*E*. 


The mean value for many cases will be 


Now 


NY = [pee]* - N*E*. 

[pee]* — { [pz*] + 2 [pkzw] + [pk*w*]}*. 


When we take the mean, many terms vanish, and we have 
\pee\* = [pz*\* + 4k*[pzw]* + 2k*[pz*] + b[pw*]*. 
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If the expression [pz 2 ] 2 is written out in full, we have to substitute 
Zi/php'h for any term of the form z V 2 ; but for z 4 we must set 
(i + c)(Z\/pf ). For a normal distribution, c = 2 . We then find 



2 = cNJ t Zl + N 3 Q 3 Zi , 

[pw 3 ] 3 = cW*[p 2 ] + W*[p] 3 

= cN(i + A)P 3 W< + N 3 P 3 W<, 

\p™[ 3 = z\w 3 [£-l 

L?aJ 

= NPRZ\W 3 , 

[pz 3 ] = Z? U 1 

lm 

= NQZ 3 , 

£ 

II 

= NPW 3 , 

and also 


Wl 2 = + Vi [■ 

= cNJJi + N 3 Q' 3 Y 3 , 


= NJ 2 X{Y\, 

T^P= ??**[£] 

= NPR'YIW 3 , 

M - n [|] 

= AQ'FJ. 

Here 

w -Kl’ 

- fl] ; to > 


whence 

Jx 4 * %Ja + J3 = 1 . 
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It now follows easily (setting c = 2 ) that 


(74) 


Ng 2 = 2 {J 1 Z\ + 2 PRk 2 W 2 Z\ + (1 + A)P*k*W*) 

= 2 & + 2 {(/, - Q»)Zi + 2 (R - QJPFTPZJ 

+ AP*JW«} 

iVi 73 = 2?4{ JjFJ 4. 2 pp'JF*F’ + (1 + A)P 2 1 F 4 } 

= 2fi /j + 2 / 4 {(/ 3 - Q'>)Y\ + 2(P' - Q')PW 2 Y\ 

+ APW*} 

VF = ?{J 2 Z\Y\ + PW 2 (R r k 2 F? + RZl) + 2(1 + A)P*k*W<} 

= P a + EE' + 1 2 {(J 2 - QQ')ZIY\ 

+ P(R' - Q')W*{k*Y\ - Z\) + 2AP'k*W<\ 

These expressions can be simplified. Since R + R' = ,Q + Q' = x, 
we may set 

R' — Q 1 — — (R — Q) = B . 


(75) 


Also, since p/p a = 1 — ( p/ph ), 

whence we have 

P< - (? = <2Q' - P» = P 3 - G" - C, 


(76) 


and our equation is 

Nf = 2E 2 + 2 (CZ} - 2BPk*W*Z\ + AP*k<W<) , 

NJ 1 = 2 E ' 2 + 2 1 <{CY* + 2 BPW 2 Y\ + AP*W*) , > ^ 

NF = F* + EE' + H~ CZ\Y\ + BPW*(k*Yl - Z\) 

+ 2AP’ k*W<) .. 

The equations for the trigonometric parallaxes may be found by 
substituting Xl for Y\ and x for l. 
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If p, is constant, R' = [p 2 ]/p a [p] - (i + A)Q' and J 3 = 
(i + A)Q' 2 , so that 

B = AQ ', C « AQ ' a , (78) 


and equation (77) becomes 

iV’p = a{£ 3 + A(E - Z s ) a } , 
iV? 3 = 2(1 + A)E ' 2 , 

Nh 2 = F 2 + EE' + A {F 2 + E\E - Zi)j . 


( 79 ) 


We have now from equations (67)—(69), (53), and (75) 


{*<%)}’ = ^ (RZi + (1 + A)Pk*W 2 ) 

= j£j{(i + A)E - & + AQ)Z\\ 
{*(?)}' = ^{(1 + A)E'+ {B - A Q')*?} , 


(80) 


{"(f))’-ijif 1(, + - 1)(E + £ '- 2i ' ) 

- (5 + AQ)Z\ + {B- AQ')X 2 t } . 


For the spectroscopic parallaxes, when we use equations (70)- (72) 
for the corrected values but equations (57M58) for the uncorrected 
residuals, we have 



= ^{(1 + A)E - QB + AQ)Z\) , 

= ®{ (l + j4) f + (5_j4Q,)F? }’ 

- (J 5 -f- AQ)Zi + (B — AQ 1 ) Y \} . 


( 81 ) 


If p, is constant, B + AQ = A and B — AQ' — o. 
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These equations are applicable when the dispersion constants 
Z, F, and W are determined from the double-star observations them¬ 
selves. It may be noted that k has been eliminated from them and 
that the value of l used in the correction formula (33) must be em¬ 
ployed. When, however, mean values of the dispersion constants are 
adopted with the aid of other data, equations ( 6 j)-( 6 g), etc., may be 
used; or the values of E, E', and F, computed for the adopted con¬ 
stants, may be introduced into equations (80) and (81). 

F. DISCUSSION OF THE OBSERVATIONS 

32. Results for Pairs with Orbits. —We are now, at last, in a posi¬ 
tion to discuss the results of observation and will begin with the 
pairs for which orbits have been computed, for which the dynamical 
parallaxes are the most reliable. Four stars have been separated 
from the rest—o 2 Eridani, a white dwarf; 36 Andromedae, a sub¬ 
giant; a Aurigae, a giant; and y Lupi, of class B. The last three have 
been discussed along with similar stars for which no orbits are avail¬ 
able. The few dwarfs of class M have also been discussed separately 
(§ 42) since their parallaxes are so well determined that they may be 
handled individually. 

The remaining stars fall on the main sequence from B8 to K8. 
A few dwarf stars whose spectra are given in the Henry Draper 
Catalogue as K2 were grouped with the Mount Wilson K5, and, 
similarly, HD K5 was grouped with Mt. W. K8—to allow for a 
systematic difference in classification in this region. They have been 
grouped according to spectral class and discussed as described above. 
The results of the comparison with trigonometric and cluster paral¬ 
laxes are shown in Table 9. The notation is that of § 27. The 
weighted sums and products of the residuals [pw], etc., are multiplied 
by io 4 to obtain whole numbers. The quantities E, E', and F are 
defined by equation (52). Their values for these small groups are 
much affected by errors of sampling. To diminish this, the general 
mean for all the stars has been taken (weighted according to IV, as 
described in § 27). The mean value of Q" must be found in the same 
way: the value derived by equation (55) from the separate means of 
<2 and F is about 5 per cent too small. The comparison with the un¬ 
corrected spectroscopic parallaxes is shown in Table 10, which is 
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similarly arranged, except that the group B8-A5, for which the 
spectroscopic parallaxes have not been investigated, is excluded from 
the general mean. 

TABLE 9 

Orbits: Trigonometric and Cluster Parallaxes 


Spectbum 



B8-A5 

A6-F2 

F3-F6 

F7-G3 

G4-K2 

00 

1 

£ 

All 

N . 

f . 

Q . 

TH . 

?. 

IO* \pVV] . 

104 [pv'v'] . 

IO* [ pVti'] . 

Q" . 

E . 

E ' . 

P . 

Z\ adopted. 

k , -.. « 1 1 » 1 . . 

X% . 

W ». 

21 

30.2 

1.44 

0.242 

19 

20.6 

1.08 

0.156 

17 

36.0 

2.12 

0.280 

25 

66.7 

2.67 

0.316 

IS 

49.2 

3.28 

0.414 

8 

20.3 

2-54 

0.413 

■ 

0.179 

o?ioo 

0T160 

0T109 

0^146 
o''109 

0" 148 
o"n8 

0^150 
o''i 22 

o?io3 

o"o88 

0T110 

418 

395 

+162 

372 

338 

+262 

891 

807 

+582 

2128 

2137 

+1947 

1249 
966 
+ S95 

103 
169 
+ 4^ 


0.76 

0,71 

0.60 

0.49 

0-39 


0.609 

0.065 
.197 
+0.045 

0.089 

.173 

+0.091 

0.253 

.412 

+0.230 

0.404 

.638 

+0.463 

0.410 

■47i 

+0-359 

0.142 

•313 

+0.074 

0.231 

.378 

+0.227 

0.141 
.69 
.18 
0.05 

0.141 

■74 

.07 

0.11 

0.141 

■93 

.26 

0.12 

0.141 

.77 

.08 

0.22 

0.141 

.98 

.26 

O.II 

0.I4I 

1.12 
0.32 
0.02 

0.141 

.840 

.178 

0.128 


We now have from equations (53) and (57) 


QZ\ + Pk*W* = E , 
Q"Xl + PW a = E', 
PkW a = F, 


QZl + Pk a W a = E, 
Q'PYi + Pl a W a = E' 
PklW* = F, 


(82) 


for the trigonometric and spectroscopic parallaxes, respectively. 

For the trigonometric parallaxes the value Xl = 0.172 follows 
from the probable errors of Schlesinger’s catalogue. If we introduce 
this into the equations for the general mean of the stars in Table 9, 
we find that k = 0.83, W 1 = 0.129, and - 0.T49. For the spectro¬ 
scopic parallaxes we may adopt the values found in II from 1140 
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main-sequence stars—namely, l = 0.383 and Y m — ±0.378. The 
last is the mean error corresponding to an average spectroscopic 
parallax of weight 2.5, so that, for the unit of weight, Y„ = 0.358. 
With these values, for the stars A6-K8 in Table 10, we find that 
k = 0.77, W‘ = 0.092, and Z\ — 0.133. The value of k to be 
anticipated is 1 — § n, or 0.82 for the main sequence, while that of 

TABLE 10 

Orbits: Spectroscopic Parallaxes 


Spectrum 



B8-A5 

A6-F2 

F3-F6 

F7-G3 

G4-K2 

K3-K8 

A6-K.8 

N . 

. 

Q . 

K . 

7 . 

io* \pw] . 

joi [pv f v'] . 

104 [pW f ] . 

E . 

E' . 

F . 

Z\ adopted. 

1 adopted. 

k . 

Y\ . 

w> . 

18 

22.6 

1.25 

0.268 

20 

33.2 
i .66 

0-335 

21 

35-2 

1.68 

0.328 

3 ° 

S 4.8 

1.83 

0.270’ 

12 

23-3 

1.94 

0.225 

6 

10.5 

x. 7 S 

0.30 

89 

157.0 
1.76 
0.294 

0T187 
o'' 129 

0*163 

0*105 

o"i63 

o’!ii 3 

0*160 
o'! log 

o?i 3 8 

0*107 

m 


746 

234 

+204 

628 

X03 

+i*S 

857 
156 
+ 203 

1142 

292 

+311 

169 
, 2 5 
+30 

42 

2X 
+ 19 


0.125 

.083 

+0.050 

0.124 

.049 

+0.035 

0.l6l 
.062 
+ 0.056 

0.154 

.085 

+0.061 

0.081 

.020 

+0.019 

0.087 

.050 

+O.O47 


0.141 

•383 

.66 

.SI 

0.10 

0.141 

•383 

.82 

•34 

0.07 

0.141 

.383 

■77 

■35 

O.II 

0.141 
.383 
.72 
•So 
0.12 

0.141 

•383 

.98 

. IX 

0.03 

O.X4I 

.383 

•36 

.01 

0.20 

0.I4X 

•383 

.76 

‘352 

0.093 


W a for the 1x40 stars was found to be 0.119. The agreement of 
both the new determinations is good. 

The values of Z\ are, however, greater than the anticipated value, 
0.100. Their mean, 0.141, indicates that the standard deviation for 
an average “good” orbit of weight 10 should be ±0.1x9 times A*. 
For the selected group of exceptionally well-observed stars discussed 
in § 23 it was estimated as ±0.086. The difference means only that 
the superiority of the best orbits over the good ones was not suf¬ 
ficiently appreciated. 
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Similar calculations may be made for the small separate groups. 
It is better to assume the mean value of Z\ just obtained, and that 
of l, and derive the other unknowns, for if the calculation is made 

TABLE 11 

Orbits: Sampling Errors of E , e ', and f 
TRIGONOMETRIC PARALLAXES 


Spectrum 



B8-A5 

A6-F2 

F3-F6 

F7-G3 

G4-K2 

K8-M 

B8-K8 

A . 

+2.90 

+1.29 

+ i- 3 S 

+0.92 

+0.90 

+0.93 

+I -43 

B . 

“O.43 

—0.13 

— 0.24 

— .22 

— .26 

— . 16 

— 0.28 

C. 

+0.09 

+0.02 

+ 0.06 

+0.07 

+0.11 

+0.06 

+0.08 

A E . 

—0.071 

—0.009 

+ 0.073 

+O.I 7 I 

+ 0 .III 

“O.095 

+0.040 

P.E. 

±0.052 

±0.031 

± O.O64 

±0.060 

±0.095 

±0.104 

±0.023 

A E ' . 

—0.091 

—0.068 

+ 0.076 

+0.260 

+0.044 

—O.099 

+0.041 

P.E. 

±0.076 

±0.059 

± 0.096 

±0.087 

±0.130 

±0.160 

±0.031 

A F . 

—0.082 

—0.004 

+0.044 

+0.228 

+0.071 

-0.149 

+0.041 

P.E. 

±0.057 

±0.037 

±0.072 

±0.067 

±0.105 

±0.117 

±0.032 


SPECTROSCOPIC PARALLAXES 


Spectrum 



B8-A5 

A6-F2 

F3-F6 

F7-G3 

G4-K2 

K8-M 

A6-K8 

A . 

+0.15 

+0.05 

+0.07 

+0.04 

+0.01 

+0.02 

+0.05 

A E . 

P.E. 

A E ' . 

—0.001 

±0.028 

—0.040 

±0.035 

—0.003 

±0.034 

—0.013 

±0.029 

H - 1 

0 0 

—O.078 

±0.064 

—0.030 

±0.017 

+0.024 

±0.014 

—0.012 

±0.013 

0.000 

±0.013 

+0.018 

±0.012 

-0,052 

±0.020 

— 0.015 
±0,026 

—0.005 

±0.007 

P.E. 

A F . 

+0.008 

±0.015 

—0.021 

±0,018 

—0.001 

±0.017 

0.000 

±0.015 

— O.O46 
±0.025 

—0.012 

± 0.033 

—0.012 

±0.007 

P.E. 



from assumed values of Y x or X 0J any errors are greatly multiplied 
as it proceeds—as appears from examination of the coefficients* The 
results of the assumption that Z\ = 0.141 and l = 0.383, are given 
in the last lines of the tables. Except for the smallest group, they 
are fairly consistent. 
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33. Errors of These Results. —To test whether the discordances 
between the groups may be attributed to random sampling, the 
values of E, E', and F were calculated from equation (82) with Xl = 
0.172, Y\ - 0.358, and / = 0.383, and with Z\ = 0.141 ,W a = o.ixo, 
and k = 0.80, the first three being taken from other sources, and the 
last three the means of the results from trigonometric and spectro¬ 
scopic parallaxes. The differences, A E, etc., of the observed values of 
Tables 9 and 10 from the calculated values (in the sense 0 — C) are 
given in Table xi, which contains also the probable error due to 
sampling, which is to be anticipated for each value of E, E', and F, 
according to equations (77) and (79). The quantities A, B, and C, 
derived from the weights which appear in these equations, are also 
tabulated. The computed values of E, E', and F were used in this com¬ 
putation, so that the probable errors represent the sampling effect 
to be expected from a homogeneous population defined by the adopt¬ 
ed values of Xl, etc. 

The values of A are large for the trigonometric parallaxes, which 
vary greatly in weight (owing mainly to the reduction process, 
§ 12), and small for the spectroscopic case (since the variations in p 
arise from the dynamical parallaxes and are small). The value of C 
is so small that it might be entirely neglected. 

Taking the ratios A jr for the individual groups, we have, in all, 
thirty-six quantities from which three unknowns, Z x , W x , and k, have 
been derived. The distribution of these ratios, without regard to 
sign, is as follows: 

Limits.o x 2 3 4 

Observed. 18 14 2 2 

Normal distribution... 18 12 4 2 

T he me an-square value of A/r is ±1.44. Its expected value is 
V33/36 4 - 0.6745, or 1.42. Almost all the variation must therefore 
arise from random sampling—though there are some “runs” of sign 
among the residuals that suggest that the differences may be partly 
real. 

The dispersion constants for the stars for which orbits have been 
computed are remarkably similar to those found for main-sequence 
stars as a whole (§ 34). Indeed, the sample is not large enough to 
establish the reality of any differences—with one exception. 
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The mean values F and 7 for all these stars are, respectively, 
o'' i io and o'' 107, as against o'' 103 and o'' 103 for main-sequence 
stars at large. If the difference for the spectroscopic parallaxes is 
divided by l, as it should be, the corrected spectroscopic mean is 
0T113. The probable error of F by equation (68) is + o'! 004, so that 
the difference is probably real. It has long been recognized that ob¬ 
servational selection favors the nearer pairs for orbit computation. 
Orbital pairs, being main-sequence stars, are, of course, very much 
nearer than the general run of stars of the same spectral type and 
apparent magnitude. As compared with stars of the same spectral 
class in the main sequence, the difference is now shown to be per¬ 
ceptible but small. 

It may be added that the small values of [pvV] and [pv'} found 
in the comparison of dynamical and spectroscopic parallaxes af¬ 
forded the first evidence of that peculiarity of the spectroscopic cali¬ 
bration which is fully discussed in II. The value Z\ = 0.141, found 
above, signifies that the combined effect of all the errors of an aver¬ 
age dynamical parallax for a star with a “good” orbit—that is, for 
a majority of those for which orbits have been computed—amounts 
to a mean error of ± 12 per cent, or a probable error of ± 8 per cent, 
of the dynamical parallax itself. This applies to the “hypothetical” 
parallax h x ; the transition to the final dynamical parallax d by the 
use of the mass-luminosity relation multiplies this result by i/k and 
makes it ± 10 per cent. This includes the effects of deviations from 
the mass-luminosity relation (so far as these are revealed by a study 
of visual binaries) as well as the errors of observation. Except for a 
few of the nearer stars, they should therefore be regarded as de¬ 
terminations of high precision. 

34* Observational Selection in Slow-moving Pairs .—The stars of 
the main sequence may next be considered. Here we meet a new 
problem—the effects of the systematic neglect of “fixed” pairs by 
past observers (§ 14). It is easy to see that the incidence of this 
difficulty will vary greatly with the type of star. 

For dwarf stars of spectrum K5 and later, trouble need not be 
feared. All these stars which have so far been recorded as double are 
so near that their orbital motions are conspicuous, though small com¬ 
pared with the proper motion (Burnham’s “61 Cygni type”). 
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At the other end. of the main sequence, stars of class B are prac¬ 
tically all so remote tha,t their motions are apparently slow. There 
is still an observation.a.1 preference for bright and easily observed 
pairs, but not much selection according to motion. These stars were 
described by Burnham as “fixed.” Much the same situation must 
exist among the giants in general. 

Passing down the main sequence, we should at first expect this 
trouble to increase and to reach a maximum when the proportions 
of “fixed” and “moving” pairs to be found in an impartially selected 
group become comparable, and then to diminish. 

The principal influence of this selection is to vitiate the assump¬ 
tions regarding geometrical probability and to make the mean value 
of h t too great. It should, however, have some influence on the dis¬ 
persion constants. Consider a group of main-sequence stars cover¬ 
ing a small range hoth in spectral class and in visual magnitude—or, 
more generally, a group with a wider spectral range, for which the 
modulus m b — is nearly the same. If these stars were really of 
the assumed absolute magnitude M 0 (according to spectral class), 
their distances would he nearly the same; but they will actually differ 
considerably, owing to the dispersion in absolute magnitude. Stars 
brighter than the standard (for which w is negative) will be farther 
away and more likely to show slow apparent motions, after allow¬ 
ance for their greater masses, so that more of them would be neg¬ 
lected. The increase of the mean h[ above an impartial mean will 
therefore be greater for stars with w negative than with w positive. It 
follows that the coefficient k, derived from the observed distribution, 
should come out too small. 

The effect on the observed dispersion W is less simple. If the 
actual distribution of uu was normal, and the probability that a star 
was included in the observed list was of the form Ae av , the mode of 
the distribution would be altered without changing the standard 
deviation. A fairly sharp cutoff within a mode' ate range of w would 
make W come out too small. 

With increasing modulus the visual magnitude becomes fainter, 
and the observers’ preference for “interesting” pairs is more effec¬ 
tive, so that, near the limit, our list of well-observed stars should 
consist mainly of those with abnormally rapid motion. 
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35. Ejection of Stars Affected by This Error .—At what value of 
the modulus this effect becomes serious cannot be predicted a priori, 
but it may be investigated by dividing the stars in each of the spec¬ 
tral groups according to the value of the modulus and by taking 
means of h' t and s' or t'. The effect of observational selection—or, 

TABLE 12. 


Investigation of Observational Selection 
Spectroscopic Parallaxes 


Sp- 

Mod. 

N 

M 

*1 

7 

Fa 7 

B0-B7. 

<6.2 

21 

8.7 

0^268 

o'! 122 

2.IQ 


6.2-8.0 

20 

8.6 

0.335 

0.12 $ 

2.68 

B8-A5. 

<5 

61 

32.8 

o.i57 

0.110 

1-43 


S-0-6.5 

46 

21.0 

0.184 

0.130 

1.42 

A6-F2. 

<4 

34 

21.6 

0.121 

0.100 

1.21 


4-5 

14 

8.8 

.170 

.101 

1.68 


5.0-6.s 

16 

9.0 

0.261 

0.102 

2-55 

F3-F6. 

<4 

52 

32.0 

0.143 

Bl 



4-5 

16 

10.2 

•193 




5-0-6.5 

7 

3-5 

0.306 

B9 


F7-G3. 

<4 

40 


0.159 

O.IOQ 

1.46 


4-5 

12 


.226 

.108 

2.09 


5-0-6.5 

6 


0.269 

0.107 

2.52 

G4—K,2. 

<3 

24 

15-2 

0.126 

O.098 



3-4 

II 

6.9 

.181 

.xos 



4-5 

4 

2.6 

0.213 

0.103 


K3-K8. 

<2 

10 

6.6 

0.124 

0.108 

1 . IS 


2“3 

7 

4.7 

0.109 

0.096 

1.13 

Giants (G0-M5)_ 

<5 

45 

24.3 

0.161 

0.097 



5.0-6.s 

35 

17.7 

0.183 

0.109 



rather, neglect—will increase h[ without much influence on the 
others—more precisely, will increase Aj/F. The spectroscopic paral¬ 
laxes, whose percentage errors are independent of distance, should 
give a good standard of comparison—even in their uncorrected form. 

The limits of modulus for the different groups have been varied to 
meet the conditions; for example, no dwarf later than K3 has a 
modulus greater than 3“, and no star earlier than B8 one less than 
3“9- Table 12 indicates that the selection effect is small or absent 




























VISUAL BINARIES 


5 1 

among the giants, in classes B and A and again beyond K3, but that 
it is very serious for most of the main sequence. Exclusion of all 
stars with modulus greater than 5 and with spectra later than A$ is 
obviously indispensable if systematic error is to be avoided; and the 
limit might well be raised to 4™ for F3-G3 and to 3 m for the G4-~K- 2 
group. It should be emphasized that this exclusion is for the pur¬ 
pose of eliminating a systematic error, whose existence and sign— 
though not its actual amount—can be determined by a priori reason¬ 
ing. To fix the limits of exclusion by examination of the relative 
values of observed results for the same spectral class is then legiti¬ 
mate. We may then adopt as the limits of modulus for exdusion the 
values given in Table 13. By addition of M 0 we obtain the cor- 


TABLE 13 



Spectrum 

B0-B7 

B 8 -A 5 

A6-F2 

F3-F6 

F7-G3 

G 4 -K 2 

Giants 

Modulus. 

Mo. 

m b . 

8.0 
— 1-5 
6-5 

6 -S 

-H.i 

7.6 

5-o 

+ 2.4 

7.4 

4.0 

+3-2 

7.2 

+ 

004^ 4^ 

boo 

3-0 

+5.2 

8.2 

6.5 

+0.5 

7.0 


responding limits of visual magnitude. These run smoothly and 
indicate that slow-moving pairs have been badly neglected below the 
eighth magnitude. A systematic reobservation (preferably by 
photography) of all the double stars for. which good early observa¬ 
tions exist would go far toward removing this neglect. Such a pro¬ 
gram, combined with determinations of spectroscopic parallax, is by 
far the most promising way to increase our knowledge of the masses 
of visual binaries. 

A similar grouping of the comparisons of dynamical with trigono¬ 
metric and cluster parallaxes is given in Table 14. Here the low per¬ 
centage accuracy of trigonometric determinations for distant stars 
deprives the results of much significance. The stars of large modulus 
have such low weight that it matters little whether they are excluded 
or not. The data for the B stars depend essentially on Kapteyn’s 
cluster parallaxes. In this case the stars of different visual magni¬ 
tude are at roughly the same distance, and the differences in the 
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TABLE 14 


Investigation of Observational Selection 
Trigonometric and Cluster Parallaxes 


Sp. 

Mod. 

N 

[*i 

a 

? 

h [/7 

09-B6. 

<6.4 

22 

10.11 

0^94 

o?!23 

2.39 


6,4-8.0 

12 

4-45 

0.298 

0.196 

1.52 

B8-A5. 

<5 

51 

I8.96 

0.144 

0.097 

T.4« 


s.o-6.5 

21 

2.39 

0.173 

0.115 

1.54 

A6-F2. 

<4 

19 

9.89 

0.132 

0.087 

1.53 


4'5 

3 

0,27 

. 206 

.216 

0.95 


5.0-6.5 

5 

0.41 

0.225 

0.144 

1.5^ 

F3-F6. 

<4 

26 

mm 

0.14s 

0.093 

I . 


4“5 

8 

Wm m 

.176 

.096 

1.84 


5.0-6.5 

5 

0.17 

0.147 

0.290 

0.51 

F7-G3. 

<4 

30 

14.23 

o.iS9 

0,115 

1.38 


4-5 

9 

1.08 

.241 

.152 

1.59 



4 

0.24 

0.235 

0.104 

2.26 

G4—K2. 

<3 

19 

11.47 

0.109 

0.088 

1.34 


3“4 

9 

2.84 

.182 

.149 

1,22 


4-5 

6 

0.71 

0.214 

0.182 

r. 18 

K3-K8. 

<i-S 

8 


0.124 

0.116 

1.08 


I.5-3-0 

4 

2.91 

0.119 

0.115 

1.03 

Giants (G0-M5).., 

<5-o 

39 

11.98 

0.146 

0.060 

a .43 


5-0-6.s 

16 

1.63 

0.187 

0,089 

3.10 


“modulus” represent mainly differences in real brightness, so that 
it is not surprising that hi/T is large for the brighter group (though 
the difference may be partly accidental). 

36. Distribution Constants; Main Sequence; Physical Pairs.- ■ 
The discussion of the distribution constants for stars for which the 
dynamical parallaxes were found by the statistical method will be 
complicated by observational selection. For the trigonometric paral¬ 
laxes, its effects should be much diminished by the low weighting 
of the remoter stars; for the spectroscopic parallaxes, they should ap¬ 
pear in full. 

Table 15, which is similar to Table 9, gives the data for all stars 
with modulus less than 5.0 (8.0 for O9-B7). Similar data for the 
spectroscopic parallaxes axe given in Table 16. 
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TABLE 15 


Main Sequence: Trigonometric and Cluster Parallaxes 



TABLE 16 

Matn Sequence: Spectroscopic Parallaxes 
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For the general means—trigonometric B8-K8 and spectroscopic 
A6-K8 (those on the system of Mount Wilson Contribution No. 511) 
—the equations (82) become, giving l the well-determined value 



O 

1 

O 

0.497Z? + o. 4 ^ 6 k 2 W 3 = 0.079 ± 0,006 

— 0.004 

0.509X3 + o.436TF a = 0.142 ± 0.010 

+ 0.007 

0.436&PP = 0.030 ± 0.005 

+ 0.007 

0.734Z; + o.637& a IF a = 0.122 ± 0.008 

+ 0.002 

0.2667? + 0.637 W 2 = 0.166 ± o.oxi 

+ o.oox 

0.637&P7 2 — 0.019 i 0.007 

— 0.014 


(83) 


(84) 


Setting X\ = 0.172 in equations (83), we find Z\ = 0.127, W a = 
0.125, and k = 0.56; and with Yi = 0.358 in equations (84), Z\ = 
0.159, W 1 = 0.112, and k = 0.27. The values of Z\ are greater than 
might have been expected. The errors of the statistical process lead 
to Z\ = 0.090, and a reasonable allowance for the errors of a “good” 
set of observations is not likely to raise this above 0.100 (§§ 11 and 
24). 

If we set this in equations (83), we find X% = 0.218, W a = 0.072, 
and k = 0.97; while equations (84) give the ridiculous values Y a t = 
0.60, W 1 = 0.011, and k = 2.6. This makes it probable that Z\ is 
actually greater. If we adopt the mean Z\ = 0.143 a nd take W* = 
o.iio, as in § 33, a tolerable representation of all the data may be 
found by taking k = 0.47, which gives the residuals O — C as shown 
above. The small value of k may be attributed to the effect of ob¬ 
servational selection. It may be smaller still for the spectroscopic 
parallaxes, but this would demand an increase either of Z z or 
of F,. 

37. Distribution Constants; Giant Stars. —Among the giants, an 
orbit is available only for a Aurigae. This star has so high a weight, 
compared with any other, that it has been kept separate. The data 
for the rest are not numerous or precise enough to justify the forma- 
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lion of small groups, and all spectral classes from G to M have been 
combined in a general mean. In forming hi, t', s', and their means, 
the individual values of M a given in Table i were used, so that varia¬ 
tion of absolute magnitude with spectral class is substantially elimi¬ 
nated. Two supergiants—Polaris and Antares—were omitted. The 

TABLE 17 

Giant Stars: All Spectra G0-M5 



motions in both systems arc still poorly determined. Seven sub¬ 
giants were also excluded, since the values of h[, etc., resulting from 
the assumption of normal giant absolute magnitude are so large as 
to vitiate the means. These are discussed in § 41. 

The data for these systems are given in Table 17. The groups 
with modulus < 6.5 include the whole of the others. Almost all the 
stars with trigonometric parallaxes have spectroscopic determina¬ 
tions also. 
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The equations (82) are, in this case: 

a ) Modulus < 5 


0.41 6Z\ + 0.308 k 2 W 2 

= 0.092 ± 0.015 

0 - c 

+0.009 

1.62 XI + 0.308JF 2 

= 0.266 ± 0.041 

—0.058 

o.$o%kW 2 

= 0.074 i 0.020 

+0.040 

0.773ZJ + 0.540 k 2 W 2 

= 0.134 ± 0.019 

—0.0x8 

0.090 FJ + 0.215 W 3 

= 0.022 ± 0.003 

-0.043 

0.340&IF 3 

= 0.029 ± 0.006 

+0.008 

b) Modulus <6.5 

0.342 Z\ + 0.248 k 3 W 3 — 0.066 ± 0.009 

0 - c 

+0.023 

1.60XI +0.248 IF 2 

= 0.230 ± 0.030 

—0.082 

0.248^^ 

= 0.057 ± 0.014 

+0.031 

0.774Z 2 + 0.53 6 k*W 3 

= 0.104 ± O.OII 

—0.050 

0.090 Y\ + 0.213TF 2 

= 0.026 ± 0.003 

-0.037 

o.^SkW 3 

= 0.034 ± 0.005 

— 0.002 


The value l - 0.63, found in II for 732 giant stars, has been intro¬ 
duced into the second group of equations. The probable errors are 
those to be anticipated from sampling. 

If in the first two equations of each set we introduce the values 
already found, Z\ = 0.141 and X 2 = 0.172, and in the third, k — 
x — I n = 0.72, we find, respectively, from (a) W* = 0.27 ± 0.10; 
—p.04 ± 0.13; 0.33 ± 0.09, and from ( b) W a = 0.14 ± 0.07; 
—0.18 ± 0.12; 0.32 ± 0.08, where the probable errors represent the 
effects of sampling alone. Giving the second value in each case half¬ 
weight, the general mean W 2 is 0.19. The probable error of this 
mean, derived from the residuals, is ±0.050; from the probable 
errors of the components it should be ±0.038. The larger part, 
though probably not all, of the discordances is therefore to be at¬ 
tributed to accidents of sampling. 

The value of W* found in II for giants, supergiants, and subgiants, 
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together, was 0.27, so that this value is not unreasonable—though 
far from accurate. 

For the spectroscopic parallaxes we may set k = 0.72, Z\ = 0.141, 
and Y{ = 0.358. We then find, as above, 

a) W 2 = 0.09 ± 0.06; —0.05 ± 0.014; 0.12 ± 0.03 > 

b) W 2 = —0.02 ± 0.05; —0.03 + 0.013; 0.14 ± 0.02 . 

The brute mean for W 2 is 0.04, which is inconsistent with the last 
result, which includes more than two-thirds of the same stars. 

It may be noted that the discussion of giant stars in II gave l = 
0.63 ± 0.06. This probable error represents only the effects of 
sampling. For the main sequence it was found that the probable 
error derived from the agreement of different groups was 1.7 times 
as great. It is therefore possible that l may really be as low as 0.50, 
which would raise the mean value of W 2 to 0.08. 

It is not worth while, however, to spend much time on this, for 
the only purpose for which we require the statistical constants in the 
main discussion is to compute the mean errors of ffi/F, etc. (cf. eq. 
[69]), and certain small corrections to the mean values (cf. eqs. [39] 
and [47]). We will therefore adopt W 2 = 0.15 for the giants and 
take the other constants as above. The resulting residuals are given 
after the equations. They are too large to be due to chance, and the 
worst of them are negative, suggesting that the dispersion constants 
may have been estimated too great; but it is hard to see, by compari¬ 
son with better-observed cases, how they can be much smaller. The 
most serious residuals, for E' spectroscopic, may be due to a differ¬ 
ence in the value of l. The only risk involved in using these values is 
that the probable errors of the final results for the giants may be 
slightly overestimated—and this is to err on the right side. 

38. Comparison of Dynamical and Other Parallaxes. —Collecting 
our data, we have the following values of the dispersion constants, 
which will be adopted in subsequent discussions. 
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The values of XI, Y\, and l are taken from the discussion of spectro¬ 
scopic and trigonometric parallaxes in II, and those of W 1 are nearly 
the same. Those of k are derived from theory (§§ 16 and 21), leaving 
only Z\ to be determined empirically from the double stars. 


TABLE 18 

Results of Comparison of Dynamical and Other Parallaxes 


Sp. 

Mod. 

Parallaxes 

N 


*1 

?, ?. T 7 

Ratio 

09--B7.. . . 

<8.0 

Phys 

Tr, Cl 

34 

14,6 

0''296 ±0^020 

0^X46 ±0^008 

2.03 ±0.12 


<8.0 

Phys 

Sp 

41 

173 

0.30o±o.oi6 

(O. 123 ± 0 . 008 ) 

(2 . 44 ±o. 19) 

B8-A5.... 

All 

Orb 

Tr 

21 

30.2 

0. i79±o.oi6 

0. ioo±o,oxo 

I -79 ± 0.09 


< 6-5 

Phys 

Tr, Cl 

72 

21 .4 

■ 147i -007 

.099± .005 

l. 4 #± -09 


All 

Orb 

Sp 

18 

22.6 

.x 87 ± .010 

( .I29± .012) 

(i- 4 S± -12) 


<6.5 

Phys 

Sp 

107 

S 3 -8 

0. i67±o.oo6 

(o.n8±o.oo5; 

(x .42±0.06) 

A6-F2. 

All 

Orb 

Tr 

19 

20,6 

o. i6o±o.oii 

0. io9±o.oio 

i . 47 ±o.og 


< 5 *° 

Phys 

Tr 

22 

10.2 

.135 ± -0X0 

.o9o± .007 

x. 50 ± .13 


All 

Orb 

S p 

20 

33-2 

.163 ± .008 

.xoo± .008 

i.63± .10 


< 5-0 

Phys 

Sp 

48 

30.4 

0. I35±o.oo6 

o.o87±o.oo4 

i * 55 ±o.oq 

F3-F6. 

All 

Orb 

Tr 

17 

36.0 

o.i46±o.oii 

0. io9±o.oio 

x -34 ±o.o6 


<4.0 

Phys 

Tr 

26 

13-5 

.145± -oio 

• 093 ± .006 

x- 5 b± . 1 r 


All 

Orb 

S p 

21 

35-2 

.163 ± .008 

■ X 22 ± .009 

i *34± .08 


<4.0 

Phys 

Sp 

$2 

32.0 

0.143 ±0,007 

0. io6±o.oo5 

i - 35 ±o,o 7 

F7-G3.... 

All 

Orb 

Tr 

25 

66.7 

0.148 ±0.008 

0. xi8±o.oo8 

i .25±0.04 


<4-0 

Phys 

Tr 

30 

14.2 

• I 59 ± • oxx 

.U5± .007 

1 • 3S ± .09 


All 

Orb 

S p 

30 

54 -8 

. i6o± .006 

. 117 ± .007 

X- 37 ± -07 


<4,0 

Phys 

Sp 

40 

26.6 

0. iS9±o.oo8 

0. ii7±o.oo6 

X -36±o.o8 

G4-K2.... 

All 

Orb 

Tr 

IS 

49.2 

0. iso±o.oii 

0. 122 ±O.OXO 

x .23±0.05 


<3.0 

Phys 

Tr 

19 

n -5 

-I09± .009 

.o88± .006 

x • 24 ± ,10 


All 

Orb 

Sp 

12 

23-3 

.I38± .008 

.ii 7 ± .0x2 

x.x8± .09 


<30 

Phys 

Sp 

24 

15.2 

0,126±o.oo8 

o.o93±o.oo7 

1 . 35 ±o.ii 

K3-K8- 

All 

Orb 

Tr 

8 

20.3 

0. xo3±o.oio 

o.o88±o.oxi 

1 .I7±o.o8 


<3.0 

Phys 

Tr 

12 

9.6 

. X22 ± .Oil 

.xi5± .008 

i.o6± .09 


All 

Orb 

sp 

6 

10.5 

. O98 ± .008 

-07o± .010 

x-40± ,16 


<30 

Phys 

Sp 

17 

n -3 

o.ii8±o.oo9 

0. xox ±0.009 

x. x7±o, 11 

Giants 









(Go-Ms) 

< 6-5 

Phys 

Tr 

55 

13-6 

o.i5i±o,oo9 

0.063 ±0.006 

2.40±0.24 



Phys 

Sp 

80 

42.0 

0,17o±o.oo7 

0. xo7±o.oo5 

l.$9±o.o7 

Subgiants.. 



Tr 

5 

2.6 

0,136 . 

0.001 ... 

T 




Sp 

10 

5*4 

0 . 166 . 

w,wy**••••••> 

O . TOtf 

* *0 U * * * *• • • 
r 58 






*'■'0•••••••• 



We may now derive corrected mean spectroscopic parallaxes F 7 
by equation (33) and may compute the probable errors of 1 P U ?, T 7 , 
and their ratios by equations (67)—(71). The auxiliary constants re¬ 
quired may all be derived from the preceding tables, so that only the 
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results need be presented (Table 18). The second column gives the 
limiting modulus beyond which stars were excluded, to diminish the 
effect of the systematic neglect of “fixed” pairs by past observers 
(§§ 34 an( l 35 )- In the third column “Orb” and “Phys” denote 
dynamical parallaxes derived from orbits (§ 2) and physical pairs 
(§ 3), while “Sp,” “Tr,” and “Cl” denote spectroscopic, trigono¬ 
metric, and cluster parallaxes. The spectroscopic parallaxes of B 
and A stars have not been compared with the trigonometric system, 
so that only the uncorrected mean parallaxes ? can be given. These 
are put in parentheses, along with the ratios derived from them. The 
data for the subgiants (§ 41) are given at the bottom, without prob¬ 
able errors. 

The results from the orbits and physical pairs are strictly inde¬ 
pendent; but those from the trigonometric and spectroscopic paral¬ 
laxes for the same group deal mainly with the same stars and differ 
only in the errors of the parallaxes. 

There appears, at first sight, to be a tendency to smaller values 
of For? 7 for the physical pairs than from the orbits; but the mean- 
square value of the ratio of the difference (A = Phys — Orb) to its 
probable error r is 1.68 for the trigonometric parallaxes, and 1.49 for 
the spectroscopic, as against 1.48 to be expected; so that the real 
differences, if any, must be small. A small difference in the observed 
sense might perhaps be expected, for the stars for which orbits can 
be calculated are likely to be nearer than the average and somewhat 
fainter than the average absolute magnitude for the whole group. 

For the ratios h[/? and U/ 7 7 , <r(A /r) is 1.58 for the trigonometric 
group, and only 0.80 for the spectroscopic. 

All these differences appear to be accidental. Weighting the ratios 
in the last column according to their probable errors, we obtain 
means as follows: 



Spectrum 

A6-Fa 

F3-F6 

F 7 "G 3 

G 4 -Ka 

K3-K8 

Trig. 

Spec. 

Diff.-A. 

P.E.T. 

1,48 

1-89 

+o.n 

±0.08 

1.39 

1.34 

—0.05 

±0.06 

1.27 

I.36 

+O.OQ 

±0.03 

1.23 

I.28 

+0.05 

±0*06 

1,12 

X.24 

+0.12 

±0,07 
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The probable errors here given are smaller than would be calculated 
from Table 18 by the ordinary rules, because the majority of the 
stars are common to the trigonometric and spectroscopic lists, and 
hence the deviations z and w have substantially the same effect on 
both means, leaving their difference influenced by x and y. The cor¬ 
responding correction factor for r ranges from 0.76 for the first group 
to 0.67 for the last. With this correction ^(A’/r 1 ) = 1.43, leaving 
nothing for systematic differences. The simple mean of the A’s is 
+0.06 + 0.028. Hence, there is here again no evidence of significant 
systematic difference. 

Comparison of the uncorrected spectroscopic parallaxes for the B 
and A stars with the trigonometric indicates only that the former 
are not seriously in error. 

39. Discordance of Trigonometric and Spectroscopic Results for the 
Giants .—For the giants, however, there is a very serious difference 
between the mean reduced trigonometric and spectroscopic paral¬ 
laxes. This arises from the parallaxes themselves. There are fifty- 
two stars for which both trigonometric and spectroscopic parallaxes 
have been determined. With the weights already used in the two 
cases, ? = 0^063 and 7 = 0.102, making T 7 = 0.106—substantially 
the same as for the larger group. The weights used for ? arc, how¬ 
ever, not the same as for 7 (which favor the nearer stars). To elimi¬ 
nate this, new means of s' were taken, with the same weighting used 
in computing 7 . The results are given in Table 19. The discrepancy 


TABLE 19 



Spectrum 

G1—G6 

G7-K1 

Ka-Ms 

All 

N . 

17 

20 

IS 

5* 

7 . 

°-°S 4 

0T079 

°-°43 

0*063 

7 . 

Q-095 

0^097 

OTOQI 

o-°95 

T 7 . 

0!096 

°-°99 

Otofy 

0^096 


remains and is shown by all three spectral subdivisions—though 
most prominent in the M's. Its origin is very puzzling, for the sys- 
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terns of trigonometric and spectroscopic parallaxes are, as a whole, 
in excellent agreement for these stars. A comparison, made in con¬ 
nection with II but not published there, in which supergiants and 
subgiants were rejected, gives the values shown in Table 20. The 
weighting system here employed favors the nearer stars, in sub¬ 
stantially the same manner as in the preceding table. There is 
nothing in the spectroscopic parallaxes of the double stars to indicate 
that they are unusual—though those of large modulus have some¬ 
what greater values of 7 (Table 12). Nor is it easy to see how the 
trigonometric determinations can have been influenced by the 
duplicity of these stars, which are, for the most part, wide and un- 


TABLE 20 



Spectrum 

G0-G7 

G8-K1 

Ka-K s 

M0-M6 

All 

2 V. 

145 

166 

20I 

129 

641 

? .i 

0T091 

0T10 s 

0*100 

0T099 

0*0988 

?. 

0*096 

0*101 

0*09$ 

0T100 

0^0985 


equal pairs. Only 10 stars of the 52 have at the same time Am < 3” 1 
and x < 3". It is very improbable that the presence of the com¬ 
panions should have exerted any sensible systematic influence on the 
mean parallax for the whole group. 

40. Appeal to Proper Motions .—An independent test can be made 
with the aid of the “reduced” proper motions n' = ffi and the radial 
velocities V. The former have been taken from various sources, and 
the latter from Moore’s catalogue. 40 Means of both have been de¬ 
rived, using for the double stars the same weighting system as in 
Table 19, and for “all stars” the same system as in Table 20. A few 
stars for which radial velocities were not available were omitted in 
calculating | ~V |, the mean regardless of sign. 

If the angles between the velocity vectors of the stars and the 
lines of sight are distributed at random, the average transverse 

Pub . Lick Obs. t 18, 1932. 
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velocity V t will be 71-/2 times the average radial velocity V r (regard¬ 
less of sign). In astronomical units per year 



Now, by (17), (22), and (23), 

p' - o.1(1 + w') , / = o.iF f (i + w') . 


If V1 and w' arc not correlated, we will have 

7 = V t • 7 ; 

and hence 

v? = 7 3-° 2 7 

1.57IKI iv| 


( 85 ) 


Correlation between and will be produced by a systematic 
change in velocity with absolute magnitude. This effect is probably 
insignificant in comparison with the errors of sampling for these 
small groups. The results are given in Table 21. 

For the large groups of stars at the end of the lower part of the 
table, p 7 and 7 agree better than might be expected. For the sepa¬ 
rate spectral classes the agreement is poorer—and bad for one group 
of very low weight. 
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The double stars are too few for this method to give more than 
rough values. For the brighter stars (modulus < 5, all spectra), the 
results favor the trigonometric parallaxes; for the fainter stars, p 1 
is wild, owing to a couple of very large proper motions, which affect 
also the general mean. The two stars in question are subgiants 
(§ 41). Their rejection would make the means shown in the table 
on page 63. This should improve the mean parallaxes derived 
from proper motions. The results thus obtained for all stars of a 
given spectral class lie between the spectroscopic and trigonometric 
values and, on the average, are nearer the latter. They do not settle 
decisively which is right, and the question must be left open. 

41. Subgiants .—Seven stars with spectroscopic absolute magni¬ 
tudes between +2 and +3 were omitted from the discussion of the 
giants, as probable “subgiants.” There is no doubt that such faint 
giants exist. Whether they form a separate sequence parallel to the 
main bulk of the giants (as indicated by the values of M 0 adopted 
tentatively in Table 1) or whether they represent the statistical 
“fringe” of the ordinary giants is a question on which we do not wish 
to pass a final opinion here. It suffices to note that, if such stars are 
included in the list of ordinary giants, with the standard “giant” 
values of ilfo the factors / will be very large for them, and they will 
receive abnormally high weights in the averages (at least for spectro¬ 
scopic parallaxes; the trigonometric weighting system automatically 
makes an almost complete correction). It was decided, therefore, to 
keep these stars separate, for fear of overloading the means. Only 
rough results can be obtained by discussing them separately—first, 
because they are so few; and, second, because the spectroscopic 
criteria for distinguishing between these stars and the common run 
of giants are still incompletely known. From a letter to us from Dr. 
Adams (February 28,1938) we quote: “I am hoping that we shall be 
able to obtain spectra of some subgiant stars in the ultraviolet which 
will give us better criteria for the subgiant classification. I feel sure 
that such criteria exist, and that it is just a question of locating 
them.” 

These seven stars are listed in Table 50, Part IV, followed by three 
others, which, in the course of our discussion, were strongly sus- 
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pected of being subgiants. Two of these—95 Ceti (ADS 2459) 
and 84 Virginis (9000)—are mentioned in §40 (p. 64). The third, 
7 Delphini (14279), has similar characteristics. 

Dr. Adams, at our request, re-examined the spectra of these stars 
and writes that the first is clearly a subgiant, the revised spectro¬ 
scopic absolute magnitude being 2.4. For the other two, the revised 
values are 2.0 and 1.8, and they should probably be included as 
subgiants. 

These three stars had already been included in the general dis¬ 
cussion of the giants, on the basis of their earlier spectroscopic abso¬ 
lute magnitudes (0.9, 0.7, and 0.7). To remove them would have 
involved much more labor than was worth while, especially in view 
of the general uncertainties (§ 40); but they have been added here 
in order to strengthen the scanty data for the subgiants. 

It should be noted that, in this section of Table 50, the moduli and 
values of hi and i' have been computed for these three stars with the 
subgiant values of M„ (as for the other seven) and that Adams’ new 
values of the spectroscopic absolute magnitude have been used. 

No correction has been applied to the spectroscopic parallaxes, 
as it is uncertain whether the conclusions derived from the correla¬ 
tions which hold good for the giants in general are applicable in this 
case. 

The results obtained for the subgiants are included in Tables 18 
and 23. 

42. Dwarfs of Class M .—The dwarf stars of class M have been 
deliberately omitted from the foregoing statistical treatment, since 
their parallaxes are all large and the errors of the trigonometric 
values relatively small, so that these may safely be put in the 
denominator. We may then take the mean of the individual values 
k t /t and obtain directly a mean value of m ,/ 3 . The data are given in 
Table 22. 

The weights attached to h t /t and h x /s have been determined ac¬ 
cording to the ordinary rules. They are low for the first orbit because 
it has been graded as “poor.” 

The weighted mean of h t /1 for the four orbits is 0.83 ± 0.05 and 
for the seven physical pairs is 0.96 ± 0.10. These probable errors 
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are derived from the residuals for the individual values and should 
include all sources of error. The probable error of unit weight for 
the physical pairs is ± 0.245—agreeing, as well as might be expected, 
with the statistical prediction. The spectroscopic parallaxes, as they 
stand, give h t /s = 1.02 ± 0.07 for the orbits, and 1.17 ± 0.12 for 

TABLE 22 

Dwarf Stars of Class M 


Mb 



D 


■ 


H 

hi /s 


Orbits 


(Finsen) *. 

9-5 

0.1 

Ma 

o?o6o 

0^051 ±0.007 


1.18 

0.6 



i 5972 t • • • 

9.64 

1.7 

M3 

.188 

• 2$8± .004 

o''158 

o -73 

10 

1.19 

2.0 

(Kuiper)t. 

9.86 

0.2 

M46 

.132 

■ I 47 ± -004 

.138 

0.90 

2-5 

0.96 

1.«S 

io 786 §. .. 

10.21 

0.5 

M4 

0.105 

o.io9±o.oo6 

0.118 

O.96 

7 

0.89 

2.0 


Physical Pairs 



*2i*39«$ -“58 Q 8'(1900). $ ~8V (1900). 

t Kr 60, § p Here. 


the physical pairs. It is well known that, for this one group of stars, 
the trigonometric parallaxes are much more reliable. 

43. Determination of Mass of Brighter Component .—To pass from 
the mass m of the system to the mass Ui of the brighter component, 
we must divide by 1 + o', where (1 + o') 3 = x + 'u f /u b . The mass 
ratio is known only for a moderate number of binaries, and, in gen¬ 
eral, we must be content with estimating it from the difference in 
magnitude with the aid of the mass-luminosity relation. According 
to this, o' is a function of M and AM (both bolometric). From Ed- 
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dington’s table (with zero-point shifted by o“s, as in I) values were 
computed the course of which is as follows: 



A diagram giving contours for o' with M and AM as co-ordinates 
permitted its value to be read off. When one or both components of 
the double is a spectroscopic binary, the value of o' is greater. When 
the bright component is double, we have assumed (following the 
practice of § 9) that the second component of the brighter pair has a 
mass 0.9 that of the primary, if both spectra are visible, and 0.6 if 
only one spectrum appears. Contour diagrams were prepared for 
these cases and used when required. In the first diagram, o' ranges 
from 0.43 (AM = 0) to 0.26 (AM = xo); in the second, from 0.38 to 
0.19). The values of M& and AM must, of course, be corrected to 
refer to the brighter component of the spectroscopic pair (§ 9). 

When only the fainter visual component is a spectroscopic binary, 
the observed AM must be increased by the appropriate amount, and 
the assumed mass of the secondary multiplied by 1.9 or 1.6. It was 
found that the results might be reproduced by multiplying the values 
of o', found when both components are single, by the factors 1.68 and 
1.48. The outstanding errors never exceed 0.01. 

When both components are spectroscopic binaries with both 
spectra visible, the value of (x + o') for single stars must be multi¬ 
plied by ''^9, or 1.24; when both show one spectrum, by 1.17. It 
is obviously sufficient to use the factor 1.20 when one shows one 
spectrum and the other two. 

The absolute bolometric magnitudes M used in this discussion 
were obtained by adding to the standard visual absolute magnitudes 
M 0 for each spectral class the bolometric corrections given in I, 
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Table A (which include Eddington’s correction for the influence of 
effective temperature on luminosity). The dependence of o' upon 
M is so small that individual differences from M a may be neglected. 

For main-sequence stars it was assumed that the companion was 
also on the main sequence. The correction C' = Af|, ol — M vls was 
plotted against M 0 for the various spectral classes; and a contour 
diagram was derived from this, which gave A C as a function of the 
spectral class and visual A m. 

For the giants it was assumed that, when Am (vis) exceeded i m , 
the companion was of early type and had C = o, so that AM 
(bol) = Am (vis) — C£. When Am was less than i m , it was as¬ 
sumed that AM (bol) = Am (vis). This summary process should 
give results not far from the truth. 

It is well known that most observers tend to estimate the visual 
magnitude-difference too great, especially for close pairs. 41 Opik 4 * 
has given tables for correction of the estimated values. These correc¬ 
tions were applied for 50 giant stars for which no photometric 
measures of Am exist. The resulting value of o 7 was o. 14, and would 
have been 0.13 if this correction had been neglected. It was therefore 
judged unnecessary to apply it. 

For any group of stars we should then have 

M I/J = m£ /j (i + 7 ) . (86) 


G. COLLECTED RESULTS 

44. Review .—At this point it may be well to review the sig¬ 
nificance of these results. The quantities W x in Table 18 represent 
means of the dynamical parallaxes for mass unity of the system, 
“reduced” by multiplying by factors / (eq. [18]), corresponding to a 
change of the visual magnitude mb of the brighter component to a 
standard value M 0 substantially equal to the mean absolute magni¬ 
tude of stars of the given spectral subclass (Table 1), dwarfs and 
giants being separated and subgiants and supergiants excluded. 
The values of ? represent means of the trigonometric and cluster 
parallaxes, similarly reduced; and s 77 , similar means of the spectro¬ 
scopic parallaxes, corrected to the trigonometric system by the 
41 See Kuiper, Pub. A.S.P., 47, 24, 1935. 43 Tartu Pub., as, 6,1924. 
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formulae found by the authors. 43 For the B and A stars these cor¬ 
rections are not available. Differences in the distances of the stars 
are thus eliminated; but new differences are introduced, depending 
upon the dispersion in absolute magnitude. For the trigonometric 
parallaxes, for example, we have 

t' = F(i + *)(i + w) , (40) 

where F is the mean for a very large group, x represents the errors 
of the parallax measures, and w the error of the assumption that the 
stars have the absolute magnitude M a . For the corrected spectro¬ 
scopic parallaxes, 


T 7 = F(i + y )(x + w) , 

where y represents the spectroscopic accidental errors. The mean 
values of x and w are zero, and they are not correlated with each 
other. We found, also, that 

F = of 1 TF( 1 + W 1 ) , (39) 

where T — x if Schlesinger’s system of trigonometric parallaxes is 
taken as standard (as is done here), and that 

F = xo'-’Wv-KJ , (36) 

where Mb is the actual mean absolute magnitude of the brighter 
components and W is the mean-square value of w. 

Similarly, we have 

K = + o)(i + «)(1 + z)(x + kw ), (48) 

where z arises from errors of the double-star measures and of the 
statistical averaging process adopted for slow-moving pairs, u from 
the deviations of individual stars from the mean mass-luminosity 
relation, and 0 from the differences in the mass ratio in individual 
pairs. The mean values of all these are zero, and they are not 

« Eq. (33); see discussion in II. 
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sensibly correlated with each other or with w or x. If the mass- 
luminosity relation is expressible (over a given range) by 


then 


M = CL n , 
k — i — %n . 


(26) 

( 43 ) 


For the mean value we have 


F = o.iM^ EF{i + \k'W *), ( 47 ) 

Here H takes account of the residual effects of the neglect of “un¬ 
interesting” pairs by double-star observers, the main part of which 
has been eliminated by confining the discussion to the brighter pairs 
(§§ 34 an d 35 ). We shall see later (p. 118 ) that we may set II — 1 . 
Finally, 

5*75 = Mj73(i + ?) , (86) 

where M& is the mean mass of a star of absolute magnitude Mb, and 
x + o’ the mean value of (x + K f /u b ) l/3 . The ratio M//M& must be 
calculated from the difference of bolometric magnitude, using the 
mass-luminosity relation (§ 43). This relation need, however, be 
only roughly known to permit the calculation of o 7 —and also of k 
in equation (47)—with all needful accuracy. The deduced mean 
values of Mi and Mb may be regarded substantially as observational 
data. The probable errors of F, 7 , and Mp3 depend upon the mean- 
square values W, X, Y, and Z of w, x, y, and z (§ 30). The deter¬ 
mination of these quantities and its statistical uncertainty is dis¬ 
cussed in §§ 22-29 aQ d 31-37. From equations (36) and (39) we find 

'Mi — M a = 5 log IO {xo 7 (x — iTF 3 )} 

= S logio (10 7 ) — 1.09 W*. 

The correction to bolometric values is discussed in § 43. From equa¬ 
tions (39), (86), and ( 47 ) 

5*73 = Mp5(j + 7) - || { x + *(1 - . (88) 



We may set H - T = 1. 
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For main-sequence stars, from B8 on, we have (§ 38) k = 0.82 
and W* = 0.110; for giants, k = 0.72 and W a = 0.150; whence 


Mb = Mo + 5 log,,, (10?) 

W 7 * = 


Main 


Sequence 

Giants 


- 0™I2 

- 0T16 

( 89 ) 

1.0*8? 

? 

, "hi 
,.036 f 

( 9 °) 


The latter values may be adopted for the B stars. For the dwarf 
M’s the correction is different. If <r is the mean error corresponding 
to rt/l, the mean value of 1 /t will be increased by accidental error 
in the ratio x + a 1 . The weighted mean value of <? = 0.016 for 
the orbits and 0.12 for the physical pairs. Taking the mean, 



The absolute magnitudes need no correction. 

45. Final Results for Masses of Visual Pairs .—Applying these equa¬ 
tions to the data of Tables 18 and 22, we have the results given in 
Table 23, which represent the final results for the masses of visual 
double stars. The first three columns give the spectral class and the 
type of dynamical parallax (orbits or physical pairs). Then follows 
the cube root of the combined mass, derived from equation (90); 
then the factor 1 + V, discussed in § 43, and the cube root of the 
mass of the brighter component. The next column gives the abso¬ 
lute bolometric magnitude of this component derived from equa¬ 
tion (89). This quantity was computed for each spectral subclass 
separately (using the mean value of t' or s" for the group); and the 
weighted mean of the results was taken. _ 

Since log Mj^ 4 varies almost linearly with M», its values are next 
given, followed by their probable errors and weights, p (unit weight 
corresponding to a probable error of ±0.020 in the logarithm, or 
±4.6 per cent). 

Capella, which is the only giant for which a good orbit is available, 
has been put by itself. The observations are so accurate that it 
deserves the high weight. The eclipsing binary ju, Scorpii, for which 
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TABLE 23 

Values of m£ /3 for Visual Binaries 


Sp. 

Sp. 


N 

£*73 

t+ 0 7 

sp 

M b 

logM^Tl 

P 

O-C'x 

0-c\, 


Trigonometric Parallaxes 







2.28. 


4-0.358. 

0 .5 

+0.023 


09-B7... 

B2.8 

P 

34 

2.08 

1.21 

I. 72 ±O.IO 

—1.46 

4- .236±0,028 

0.5 

— .052 

— .024 

Giants.. • 

G9.1 

P 

ss 

2.49 

I. II 

2.24± .21 

— 1.46 

+ - 3 S 0 ± .043 

0.2 

+ .062 

+ .090 

Capclla... 

Gi 

0 

I 

1.96 

I. 21 

i.6a± .02 

—0.2s 

4- 2IO± .0X0 

1.0 

— .0X0 

- .003 

B8-A5.•. 

A1.3 

P 

72 

I.Si 

1.19 

i.37± .07 

+1.00 

4- .I04± .025 

0.6 

- .055 

— .060 


A2.1 

0 

2X 

1.8a 

1 .17 

x. 56± .08 

+1.21 

+ .I94± .022 

0.8 

+ .045 

+ .039 

A6-F2... 

Fo.o 

P 

22 

1.S 3 

1.19 

x.a8± ,xx 

+2.48 

4 - .xo7± .038 

0.3 

+ -014 

+ .001 


A 9.5 

0 

19 

1.49 

I.24 

I.20± .07 

+2.78 

+ .079! .025 

0.6 

- .003 

— .016 

F3-F6.... 

F4.7 

P 

26 

I.SO 

1.19 

x. 34 ± -i° 

+3.09 

4 - . 127± .033 

0.4 

+ .058 

+ .044 


F3.7 

0 

17 

1.36 

1.18 

i.X 5 ± .05 

+ 3.34 

+ -o6x± .019 

1.1 

+ .001 

— .011 

F7-G3... 

F9.0 

P 

30 

1.41 

I.21 

i.x6± .08 

+4.22 

4- .o64± .029 

0.5 

+ .037 

+ .026 


F9.8 

0 

25 

1.28 

1.21 

x.o6± .03 

+4.25 

+ -o26± .014 

2.0 

000 

— .0X1 

G4-K2... 

Gg.s 

P 

19 

1.26 

X .22 

1.03± .08 

+4.64 

+ -oi 3 ± .035 

0.3 

000 

— . 009 


G7.4 

0 

is 

1.25 

1.23 

x.02 ± .04 

+5.24 

4- ,oo8± .017 

t .4 

+ .016 

+ .010 

K3-K8... 

K5.1 

0 

8 

I.XO 

1.23 

0 .g 7 ± .06 

+ 5.69 

— ,oi3± .029 

0.5 

+ .0X0 

+ .006 


K4.7 

p 

12 

X.08 

1.22 

o.88± .07 

-i-6.24 

- .o55± .036 

0.3 

— .014 

— .014 

M0-M4.. 

Mi.s 

p 

7 

0.04 

1.24 

0.76± .08 

+ 7.93 

— ,n8± .046 

0. 2 

— .022 

— .0X1 


M2.9 

0 

4 

0.84 

1.24 

0.68± 0.04 

+ 9 .x 8 

— . i7o± 0.026 

0.6 

- .035 

- . 0 X 5 

Subgiants, 

Ko 


S 

1 .54 

1.12 

1-37 . 

+1.1 

+0.138. 

0.07 

— 0.014 

—0,026 


Spectroscopic Parallaxes 

Op-B 7 ■ * * 

B3.1 

p 










Giants. .. 

G8.9 

p 

80 

1.65 

1.13 

X.46± .06 

—0.25 

+ .i65± .020 

1,0 

- 0.055 

-0.047 

B8-A5. .. 


p 




(l.io± .oO 

(4-1,40) 

(4- .076^ .019) 




Ai .9 

0 


X .22 

(i.ax± .10) 

(+ 1 . 73 ) 

(+ .o83± .030) 




A6-F2. .. 

A9.9 

p 

48 

1 .57 

X .20 

x. 3 i± .07 

+ 2.37 

+ .n8± .024 

0.7 

+ .021 

+ . 008 


A9.S 

0 

20 

1.66 

1,26 

x. 39 ± .08 

+ 2.60 

+ .xao± .028 

0.5 

+ .032 

+ .018 

F3-F6.... 

F4.6 

p 

S 3 

1.37 

X .21 

i.X3± .06 

+ 3.36 

+ .OS 4 ± .023 

0.8 

— .006 

— . 0 X 9 


F4.4 

0 

2X 

1.36 

1.24 

x.xo± .07 

4 " 3 -65 

+ .040± .028 

0.5 

— .009 

- .031 

F7-G3... 

F9.3 

0 

30 

1 -39 

1.24 

x.ax± .05 

+4-18 

+ .OSO± .022 

0.8 

+ .022 

+ .010 


F9.9 

p 

40 

1.38 

X. 2 X 

l.I 4 ± .07 

+ 4.27 

+ . 0 S 7 ± .025 

0.6 

+ .0,32 

+ .021 

G4-K2... 

G8.a 

p 

24 

1.38 

1,22 

X.I 3 ± .08 

+ 4-92 

+ . 054 ± .034 

0-35 

+ .051 

+ .044 


G7.6 

0 

12 

1.20 

1.24 

o. 97 ± .07 

+5.24 

- .oi3± .033 

0.35 

— .006 

— .012 

K3-K8... 

Ks.a 

0 

6 

1.42 

x • 24 

x.x 5 ± .13 

+ 5.17 

+ .o6o± .050 

0. tt 

+ .065 

+ .050 


Ks-c 

p 

17 

1.rg 

1.23 

o.97± .08 

+ 5.98 

- ,oi3± .039 

0.26 

+ . 0 X 9 

+ .018 

M0-M4 ,. 


p 

8 

(1.1 e) 

1 .26 

(o.oa± .10) 

( 4 - 7 , 65 ) 

(— .o^6± .0A?1 






0 

3 

(i.oo) 


(0.81 ±0.06) 

(4-9. 10) 





Subgiants 

Gg 


IC 

1.63 

1 .17 

1.39 

+1.6 

+0.X34 

o.xa 

+0.004 

—0.010 
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good value of the mass has been derived by Elvey and Rudnick, 44 
r hile the parallax is given as o''0074 ± o'fooi2 in Kapteyn’s paper, 43 
as been included, the mean value for the two nearly equal com- 
onents being taken. 

The spectroscopic parallaxes of stars of classes B and A have not 
een calibrated like the rest, while for the dwarf M’s the calibration 
3 not very accurate. The results depending on these spectroscopic 
'arallaxes are therefore inclosed in parentheses and have not been 
sed in the discussion. 

H. THE MASS-LUMINOSITY RELATION 

46. New Empirical Formula .—If the mean values of log Mp 3 are 
•lotted against Ml,* 6 a conspicuous slope is shown, which repre- 
ents the mass-luminosity relation. These data may be discussed in 
r arious ways. We may first test the applicability of Eddington’s 
riginal mass-luminosity curve. 47 In I (p. 96) this curve was used 
pith the zero-point shifted by +o™5 (making the brightness less for 
, given mass), in order to represent the mean of the best-determined 
•inaries. The only disposable constant in a new discussion is this 
;cro-point. If this is changed by x magnitudes, the equations of 
:ondition are ax = n , where a = §d log u/dM and has the follow- 
ng numerical values: 


M . —a o 2 4 6 8 xo 

a . —0.064 —0.052 —0.043 —0.036 —0.033 —0.032 —0.031 


The resulting normal equation is 0.0309* = +0.0048, whence 
e = +o™iS- The resulting residuals are given in Table 23 as 
D — Ct. 48 They give ±0.016 for the probable error of unit weight, 
md ±o m 09 for that of *. The correction to Eddington’s original 
sero-point (derived from Capella alone) is +o”6s ± 0^09. 

If we assume a linear relation, of the form log Mp 3 = A + BM b , 
ve find from the same data 

log Mp 3 = (—0.0391 ± o.ooi4)(Afi, — 5.20). (92) 

8553,1938. 

« Ap> 40, 120,1914; Mt . W. Contr No. 82, p. 8'o. 

4 6 Cf. Fig. 1, p. 109. 47 The Internal Constitution of the Stars , p. 137. 

< 8 The subgiants were added later and were not used in this solution. 
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The probable error of unit weight is ±0.0x47, and the residuals are 
given as .O — C 2 in Table 23. This solution gives 

log m b = — 0.117Mb + constant = + 0.293 log Z* + constant. 

Hence, n — 0.293 ± o.oxi and L « M 3 ' 4 2±0 Ia . Within the error of 
determination, we may set M a Z 2/7 and L a m 7/3 . 

Both solutions apparently agree with the observations too well, 
for the probable error of unit weight, based on the values derived 
from the dispersion constants previously adopted, was ±0.020. 
Th ese v alues, however, though applying to the tabular values of 
logMpS, are not appropriate to their differences from the computed 
values of the same quantity. The latter have been computed from 
the observed value of 7 or I 77 , and the effects of observational errors 
upon them are correlated with those upon the tabular values. The 
“observed” value of log m& /3 is 

0 = log £ - logF - log (x + ?) — log {1 — J(i - k>)W‘\ , 
or, by (62), 

0 = log h a — log to — log (1 ± o 7 ) + log (1 + 2) — log (i + x) 

+ log {1 — (1 — &)w} — log {I — J(l — k^W 1 ] . 

For the computed value, adopting the second solution above, we 
have 

C = constant + \n log L — constant — \n log 7 

= constant — §n {log (1 + x) + log (1 + ffi)| . 

Since k = 1 — \n, we have to the first order 

0 — C = constant + log (1 +1) — k log (1 + x) . 

From equation (69) we have 

(cr(O)}’ - j- (Mod) 2 [pZ 2 + XI + (x + A)(x - k)'W *} , 
while 

{a (0 - C)} 2 - ^ (Mod) 2 0 Z\ + ~ k’Xlj . 
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Examination of the calculations upon which the probable errors of 
Table 18 are based showed that this change would reduce the 
squares of these probable errors, r, by factors ranging from 0.94 to 
0.68. Multiplying the value of r 1 for each value of log Mp 3 in Table 
23 by the appropriate factor and taking a mean with the tabular 
weights, the probable error of unit weight now comes out ±0.0179. 
The discrepancy with the values found from the solutions is much 
reduced. The latter values, being derived from 29 entries, should 
have a statistical probable error of 0.675/V58, or 9 per cent of their 
own amounts, that is, of ±0.0014. This leaves little to explain. 

If the mass-luminosity “law” is regarded as a relation between 
log M and M, it is evident that the data of Table 23 suffice for a good 
determination of the zero-point and slope of the line representing 
this relation, but not of its curvature. All available material for 
visual binaries is included in this table; hence, information regard¬ 
ing the curvature can be obtained, if at all, from spectroscopic 
binaries of great mass (see chap, ii). It will be shown later (§ 66) 
that the giants might well have been excluded in the linear solution 
upon which equation (92) is based. When this is done, we find 

log Mp 3 = (—0.0407 ± o.ooi6)(1K — 5.19), (93) 

instead of 

( — 0.0391 ± O.OOI4)(34 — 5.20) . (92) 

The difference is within the probable error and need not disturb us. 
We will, however, adopt as our final empirical formula 

log mF 3 = — 0.0400 (Ml — 5.20). (94) 

For the calculation of dynamical parallaxes we regard this as 
definitely preferable to Eddington’s old curve. 

The latter is based on the assumed molecular weight 2.1 x, that 
is, on the assumption that there is very little hydrogen in the in¬ 
terior of the stars; and it is remarkable that it affords as good an 
approximation to the facts as it does. 

Present knowledge of the relative abundance of hydrogen, helium, 
and heavy elements in the stars does not appear to justify an at- 
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tempt to construct an improved mass-luminosity curve—at least for 
the purpose of calibration of dynamical parallaxes. 

It is interesting to find so little evidence of departures from the 
mean mass-luminosity relation for groups of stars of various spec¬ 
tral types. The particularly interesting question whether the red 
giant stars behave similarly to the rest is unfortunately obscured by 
the systematic difference between the trigonometric and spectro¬ 
scopic parallaxes of these stars (§39). The former indicate a 
greater mass for the same luminosity than the mean curve, and the 
latter a smaller one, by about the same amount. For equal masses 
the difference in luminosity derived from the two sets of data (on 
the linear formula) is 3 m 7. The fault lies definitely with the paral¬ 
laxes. Further trigonometric observations and a review of the 
spectroscopic methods and data are much to be desired both for 
giants and for subgiants. 

The results for the subgiants are of low accuracy and may be re¬ 
garded only as an indication that they are in general agreement with 
the mass-luminosity relation. 

47. Detection of Departures from Mass-Luminosity Relation .— 
The observational requirements for verifying departures from the 
mass-luminosity relation, in the case of a visual binary, are severe. 

We have, in general, 

log m = constant + 3 log hi — 3 log t, 

M = constant + 5 log t. 


We may write 

log m = constant — \n(M + *), 

where x represents the deviation in absolute magnitude from the 
assumed linear relation (92). 

We then have 

3 log — (3— 2«) log t + inx = constant. 

Setting n = 0.293, we have 


x — 20.6 log t + 25.6 log hi = constant. 
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A departure of i m in x therefore corresponds to changes of 0.048 in 
log t, or 0.039 f°g or to alterations of 12 per cent in t or xo per 
cent in h 1 . 

If, however, M can be determined independently, as in the case of 
an eclipsing variable, we have 

log m = constant — in log t — -jj nx , 

or, with n = 0.293, 

5 log t + 8.5 log m = constant. 

As M always involves the cube of an observed quantity (for ex¬ 
ample, the velocity amplitude if of a spectroscopic binary), the 
demands for precision upon this quantity are as great as upon A*. 
But an error in parallax is only one-fourth as serious for a spectro¬ 
scopic binary. 



CHAPTER II 

SPECTROSCOPIC AND ECLIPSING BINARIES 


A. SPECTROSCOPIC BINARIES 

48. Observational Data— Orbits are available for a great number 
of spectroscopic binaries, 375 being listed in Moore’s catalogue. 1 
For the majority of these but one spectrum has been observed; and 
only the mass function 

, _ Mj sin 3 i 
~ (m x + m 2 y 

can be calculated. To obtain the individual masses—or their sum- - - 
from this, it is necessary to know the mass ratio Mj/m,. 

This cannot be directly determined. If we may take the sum of 
the masses from other sources (such as spectroscopic binaries show¬ 
ing two spectra), the values of / give important information about 
the statistical distribution of the mass ratio. 

This problem has recently been discussed by Plummer, 2 Colace- 
vich, 3 and Kuiper. 4 Their investigations, by different methods, 
agree in concluding that all values of the ratio M J (m x + M a ) arc 
equally probable, and there is no need of repeating the discussion 
here. 

When both spectra have been observed, the values of Mf, sin 3 i 
and m/ sin 3 i are separately determinable. In accordance with the 
general line of the present discussion we may replace these by 
Mj /3 sin i and u 1 / 3 sin i. Two cases then arise: 

1. For eclipsing variables sin * is known—usually with high ac¬ 
curacy, since the light-curve provides a value of cos i —and the 
individual masses may be found, free of all hypotheses. This pro¬ 
vides one of the most important sources of knowledge of stellar 
masses, especially for the stars of high luminosity. 

* Lick Oh. Bull ., 18, No. 483, p. 5,1938. 

2 M.N., 98, 137,1937. 

3 Mm. Soc. astr. ital., N.S., 11, us, 1938. 

78 
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2. In the absence of eclipses we must estimate the mean value of 
sin i. If the orbit planes are distributed at random, 



sin 3 i di = — = 0.785 , 


logio sin i = — 0.105 • 


Hut pairs with small inclinations are much less likely to show re¬ 
solved double lines. With Schlesinger’s suggestion that the probabil¬ 
ity of inclusion in our lists is proportional to sin i, we have 

-1—> 4 C w/i • 8 

sin 1 — - I sin 3 i di = — = 0.849 > log sin i = —0.070 . 


The exaggerated assumption that the probability of inclusion varied 
as sin a i (so that reduction of the velocity range to 71 per cent would 
cause a loss of half the pairs) would give 


sin 1 = — = 0.884 , 
32 * ’ 


log sin i = —0.054 . 


We will adopt Schlesinger’s assumption, recognizing that for indi¬ 
vidual groups it may be in error by as much as 5 per cent. 

The data upon which the present discussion is based are sum¬ 
marized in Table 24. They are taken from Moore’s catalogue, with 
the exception of 10 stars, for which the sources are given in notes 
and they are grouped according to spectral class. 

The successive columns give: (1) the number in Moore’s cata¬ 
logue or, when the star is not in this, a reference to a footnote 
(eclipsing binaries are indicated by an asterisk); (2) the visual 
magnitude of the combined light of the system (the maximum 
brightness for an eclipsing variable); (3) the spectrum of the brighter 
component; (4) the period in days; (5) the orbital eccentricity; (6) 
and (7) the values of sin i and u 1 / 3 sin i; and (8) the spectroscopic 

absolute magnitude of the brighter component, according to Mount 
Wilson Contribution No. 5x1, for those stars which appear in this 
list. The parallaxes of these stars are so small that the trigonometric 
determinations give little information; and the spectroscopic paral¬ 
laxes for A and B stars have not been recalibrated. They are there¬ 
fore omitted from the table. 

49. Means by Groups .—On inspection of the table, a few stars of 
exceptionally great mass are conspicuous—notably No. 116 (Plaskett’s 



8o 


THE MASSES OF THE STARS 


TABLE 24 

Data for Spectroscopic Binaries 



* Eclipsing variable. 

t Van Gent, BA.N*, 8, No. si 7 » P* 3iP. 1030 - 
t Masses assumed to be equal. 

J Rudnick and Elvey, Ap . 87, 553, 1038. 

|| O’Keefe, Harvard Bull., No go8, p. ag, xg38, 
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TABLE 24 —Continued 


No. 


293*.... 

308. 

319*.... 

7 *. 

30. 

102. 

B2142H. 

170. 

182. 

187. 

237 . 

243,.... 

273*.... 

275 . 

281. 


294 . 

330. 

339. 

346*. 

8$. 

309 ; . 

104*. 

152. 

95 Leo**. 

191. 

206. 

251*. 

347*. 

109. 

258. 

274. 

297. 

269. 

13. 

105. 

178. 

186. 

333. 

33§:. 

US*. 

* 55 *. 


HDiogsiott. 

163. 

142. 

210. 

252. 

266. 

278. 


Mag. 

Sp. 

P 

6 

3 a in i 

mJ /3 Bin i 

Mb ap 

6.52 

B9, G2 

3-381 

0.03 

1.88 

1.27 


3.37 

Bg 

17.12 

.69 

0.83 

0.76 


8.23 

Bg 

0.718 

.O 

0.99 

0.94 


7 - 3 ° 

Ao 

1.813 

.O 

1.17 

0.98 


5.08 

Ao 

IS -*94 

. 6 l 

0.52 

0.51 


4-54 

Ao 

S969 

.02 

0,86 

0.76 


6.24 

Ao 

18,772 

■17 

1.36 

1.30 


4.78 

Ao 

2 • S 

. II 

0.49 

o .43 


4.00 

Ao 

71.9 

•34 

1.14 

1.02 


s.81 

Ao 

3.287 

.04 

i -35 

1.27 


6.27 

Ao 

IO.S6 

•43 

1.29 

1.10 


3-92 

Ao 

4.024 

.02 

1 17 

I.oo 


7.20 

Ao 

1-779 

.OO 

1.28 

1.23 


5.08 

Ao 

9.8lO 

.02 

0.49 

0.46 


5-37 

Ao 

4.1l8 

.OI 

0.98 

0.97 


6.19 

Ao 

10.393 

.52 

!§gy^2jj™ 

O.94 

. 

6.03 

Ao 

20.30 

•44 

1.23 

1,03 

. 

5.48 

Ao 

1.729 

*03 

0.98 

0.98 


8.50 

Ao 

1.677 

.12 

1.44 

1-37 


5.72 

Ai 

2.IS2 

,00 

1.19 

1.14 


5-46 

Ai 

9 . 3 i 6 

.OI 

1.31 

I.27 


2.07 

A2 

3.960 

.OO 

1.30 

I.30 

1.8 

5 - 7 ° 

A2 

15.986 

.50 

1.14 

I.08 


5-49 

A2 

6.625 

.02 

1.00 

0,89 

1.2 

2.40 

Aa 

20.536 

■54 

1.19 

1 ■ 1 7 

0.8 

4.60 

A2 

206.9 

•25 

1 -43 

1.23 


8-33 

A2 

2.060 

.0 

1.27 

1.21 


8,21 

A2 

1.605 

.0 

1.26 

1.14 


5 . 3 i 

A3 

28.28 

-56 

1.11 

1.03 

. 

6.13 

A3 

3^94 

.04 

l . 22 

1.18 


6.31 

A3 

14-345 

.21 

1.25 

1.23 


6.03 

A3 

7.39 

•os 

0.97 

0.87 


5-54 

A4 

5 - 5 £ 5 

.00 

1.20 

1.06 


S. 02 

As 

1.964 

.01 

I.IT 

1.10 


S.io 

AS 

9-355 

.21 

O.97 

0.92 


4.48 

A 5 

24.483 

.61 

0.91 

0.85 


5*24 

AS 

38.3 

.07 

I.67 

1-33 


7.67 

A6 

8.446 

.04 

1.21 

1,21 

1*7 

6.17 

A6 

6.370 

.0 

I.I7 

I * I 5 

1.4 

5 . 6 i 

A7 

2.525 

.00 

1.30 

1,34 


6.39 

A8 

0.648 

.0 

0.80 

0.66 


6,1 

£9 

0.842 

■03 

0,64 

0.63 

1-7 

6.90 

A9 

3-749 

.19 

1.06 

1.oS 


6.72 

Fo 

7-337 

.21 

I.04 

0.99 

a -5 

4.06 

Fo 

10.211 

-54 

0.65 

0.62 


7.15 

Fi 

12.912 

*2 

1.12 

1.10 

2.1 

6.8 

Fi 

12.822 

•39 

1.08 

1.01 

3-2 

4.61 

Fi 

26.274 

•49 

O.96 

0.94 

2,8 

6.41 

Fi 

2.048 

.04 

i.or 

1.00 

3.7 

7-3 

Fi 

3-765 

0.00 

1.14 

1.14 

2.3 


T Harper, Pub. Dotn. Ap. Obs,, 6, No, 18, p. 305, 1036. 
** Struve and Morgan, Ap. 7 ., 66, r3S, IQ27. 
tt PeLrie, Pub, Dom. Ap. Obs., z6, No. ai, p. 365,1037. 
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TABLE 24 —Continued 



tt Sanford, Ap, J 86,153,1037; Gaposchkin, Harvard No. 907, p. 1,1538. 

Sanford, Ap, 89, 333.1930. 

y l>. Plant, Photographische phoiometru for veranderlijka slcrren CV Carinao on WW Draconis (cIIb- 
>n), p. as, Leiden; Luctor et Emorgo, 1939, 

1FT Christie and Wilson, Ap. J. t 81, 436, 1935- 

star +6°i309) with the values 75.6 and 63.3 for m sin 3 i and No. 4 
(+57°28) with 113.2 and 44.9. It has been judged best to exclude 
these stars from the means for their spectral groups. The two 
c stars, f Aurigae (75) and 0 Leonis (156), have also been omitted. 
Grouping the remaining 126 stars by spectral type, we find the 
mean values given in Table 25. The successive columns give the 
mean spectral class, the number of stars and of eclipsing binaries 
among them, the mean value of mJ / 3 sin i, and that of log Mp 3 de¬ 
rived on the assumption that the correction for the mean value of 
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sin i is +0.070. The separation of giants and dwarfs for spectra 
later than Go was made with the aid of the spectroscopic absolute 
magnitudes and of eclipsing variable data, which show that WZ 
Ophiuchi and AR Lacertae (353) are dwarfs, while WW Draconis 
and RT Lacertae (348) are giants. Star (183) is a dwarf; its proper 
motion is o''49. 

Of these 126 stars, 35 (or 28 per cent) are known to be eclipsing 
binaries. The percentage for pairs of classes O and B is 40; for 
class A, 20; and for F and later, 21. The preference for early types 
is less marked than was once supposed. 

TABLE 25 


Masses of Spectroscopic Binaries 


Mean Sp. 

No. 

Eel. Bin. 


logMj 73 

sin t 

O8.3. 

mm 

4 

2.68 

+0.498 

Bi.2. 


3 

2,12 

+ .396 

b 3 . 


6 

1.86 

+ .341 

B5.I. 


2 

1.76 

+ .316 

B8.6. 


4 

1 .45 

+ . 23 2 

Ao. 


3 

1.05 

+ .091 

A2.2. 


3 

1.18 

+ .142 

A6.3. 


2 

I.09 

+ .108 

F1.8. 

16 

1 

1.06 

+ .096 

F5.3. 

11 

2 

1.02 

+ .079 

dG S . 

4 

2 

1.01 

+ *°74 

dK8. 

2 

1 

0.77 

- .043 

gG 4 . 

s 

2 

1.29 

+0.180 


Collecting the stars for which spectroscopic parallaxes are avail¬ 
able for the brighter components, we find the results given in Table 
26. The first four columns give the mean spectrum, the number of 
stars, the mean sin i, and log mJ /3 (assuming a correction of 
+0.070 for sin i, as above). Then follows the mean spectroscopic 
absolute magnitude S of the brighter component. This must be 
reduced to bolometric magnitude. 

We have first to reduce the values of Mount Wilson Contribution 
No. 511 to the scale here adopted, by the equation* 

S" - S + a(S - S*) , 

where 0 = 1.6 for main-sequence stars and 0.6 for giants. 

1 Ap. J,, 87, 407, 418, 1938; Mt. W. Contr,, No. 589, pp. 19 and 30. 
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The bolometric magnitude Mb (including Eddington’s tempera¬ 
ture term) is then given by Mb = S" + C', where C is taken from 
Table 40. The means of S x and S" and of C' and Mb for the indi¬ 
vidual stars are tabulated. Then follow the values computed from 
the empirical relation (94), log mJ / 3 = —0.040 (Mb — 5.20), and 
finally the residuals. The residuals are satisfactorily small—es¬ 
pecially since these data have not been used in determining the 
constants of the equation. The inclusion of three dwarf stars of 


TABLE 26 


Sp. 

No. 


log mJ /3 
Oba. 

5 

Sx 

S" 

a 

Mb 

log m {/3 
Comp. 

o-c 

Mj /3 sin i 

As . 

7 

1.08 

+0.103 

i -59 

I 84 

I 19 

+0.30 

1.49 

+0.148 

-0.04s 

Pa. 

10 

1.09 

+ .108 

2.97 

2.96 

2.99 

+ ■ 25 

3-24 

+ -078 

+ .030 

FS. 

9 

1.02 

+ .078 

3-32 

3-35 

3 27 

+ .20 

3-47 

+ .069 

+ .009 

(dK 4 )... 

3 

0.80 

— .026 

6.70 

6 79 

6,56 

- .82 

5-74 

— .022 

— .004 

gG2... . 

3 

I.24 

+0.164 

1.00 

0.56 

1,26 

— 0,12 

1.14 

+0.162 

+0.002 


spectra G5-M1 in a single mean is justified by the linearity of the 
assumed relation. 

For the earlier spectral types the direct measures of parallax do 
not justify a similar comparison. 

B. ECLIPSING BINARIES 

50. Data and Discussion .—For eclipsing variables in which the 
spectroscopic orbits of both components have been determined, the 
masses are known, without statistical uncertainty, and also the 
radii. The absolute magnitudes may then be computed from the 
observed spectral types. The present stellar temperature scale— 
checked, as it is, by the direct determination of the surface bright¬ 
ness of the B3 star ju : Scorpii—appears to be good enough to lead to 
reliable values. 

Table 27 gives the data adopted in the present work. The photo¬ 
metric orbits have been collated with the original references, and 
those elements adopted which were judged the best. The less re¬ 
liable determinations are given half-weight, including some cases in 
which the photometric elements are by themselves satisfactory but 
make the secondary so faint that its spectrum should hardly be ob- 
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TABLE 27 —Continued 
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8. Baker, Lick Obs. Bull., 12, No. 378, p. 130, 1926. 

9. Baker, Laws BulL } 2, No. 26, p. 173,1916. 

10. Wylie, Ap. J. f 56, 232, 1922. 

11. Skapley, Princeton Contr No. 3, 1915. 
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servable. AO Cassiopeiae, for which the photometric data are un¬ 
certain, was excluded. The successive columns give: (i) the desig¬ 
nation, (2) spectral class (from Moore’s catalogue 6 but taking 
Kuiper’s value for 29 Canis Majoris), (3) the period in days, (4) the 
light of the bright component in terms of that of the system, (5) the 
longer radius of the brighter component, (6) the same for the fainter 
(with their mean distance as unit), (7) the ratio b/a of the axes in 
the orbit plane, (8) the inclination, and (9) the adopted weight. 
Then follow: (ro) and (11) the mean radii (a + 2&)/3 of the two com¬ 
ponents, (12) and (r3) the cube roots of the masses (all in “solar 
units”), (14) log m£ / 3 for the bright component, and (15) the abso¬ 
lute magnitude Mb of this component. 

The latter has been calculated by the equations 

iA-ir + a iog( 5 £.), 
jf-ifo-sl"g(^)-~ioj(^). 

With Kuiper’s values Mq = +4.62 and Tq = 5713°, we have 
Mb = 34-76 - 8 log T, — s log = C - 5 log (J^j • (96) 




The absolute magnitudes thus derived are not purely “observa¬ 
tional,” since they involve an assumed temperature scale; but this 
scale is now well-enough known to make them trustworthy, except 
perhaps for class 0. 

Grouping the results by spectral type, we find the mean values 
given in Table 28. The subgiants RT Lacertae and WW Draconis 
6 Lick Obs. Bull., 18, No. 483, p. i, 1936. 
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(combined) and the supergiant f Aurigae are placed at the bottom 
of the table. 

Means of the individual values of mJ / 3 have been taken and the 
logarithms of these tabulated, as in § 45. The column headed 
“Comp.” gives the values predicted by equation (94); and the last 
column, the residuals. These are remarkably small, considering 
that equation (94) was derived from entirely independent data and 
is extrapolated over a wide range. 


TABLE 28 

Mass-Luminosity Relation for Eclipsing Binaries 



The algebraic mean residual is —0.019 i 0.006 (the probable 
error being found from the residuals). This could be reduced to zero 
by making the adopted values of Af& fainter by 0T48 or by diminish¬ 
ing log T, systematically by 0.06 or T, by 13 per cent, but these 
changes are too great to be admissible. 

It may be concluded, therefore, that the empirical equation 

log W* = —0.0400 (Ml — 5.20) (94) 

represents the course of the mass-luminosity relation over the whole 
range for which direct observational data are available, within little 
more than the casual error of the individual normals with which it 
is compared. The observed range covers is m in 3 71 or 17“ in the 
true absolute magnitude, and 0.72 in log m^ 3 , corresponding to a 
factor of 140 in the mass. 























CHAPTER III 
GENERAL DISCUSSIONS 


In this chapter are collected various discussions which were 
omitted earlier in order not to interfere with the continuity of the 
presentation; and at the end some general conclusions are drawn. 


A. STATISTICAL THEORY TOR SLOW-MOVING PAIRS 

Si. Statistical Means of Different Kinds .—It appears desirable 
to reproduce here an outline of the statistical discussion of slow- 
moving pairs. 1 
If we set 

where l is a constant to be determined, and 

sin i sin J j (^2 — = k 3 , (98) 

where k varies from star to star, equation (6) becomes 

Ai — tf'iplk . (99) 

If we set 

Ik = 1 + z, (100) 

this goes over into equation (13). The condition that the mean value 
of z shall be zero (as assumed above) is 


Ik = 1 . (101) 

By defining l in this way, we may secure values of hi which will, in 
the mean, be the same as the values of m l/3 p, provided that there is 
no correlation between m V 3 p and k. As the latter depends upon the 
orientation of the orbit and the position of the stars at the moment, 
this assumption is safe. If the values of p are known, this calibration 
will give a correct mean for m i/3 . Writing it in the form 

hiisr */3 = p( 1 + z), 


1 Russell, A.J., 38, No. 897, p. 89, 1928. 
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we see that, if the masses are known or can be reliably es tima ted, it 
will give a correct mean parallax for stars selected impartially with 
respect to the statistical error z—that is, in practice, without regard to 
the apparent motion w. An example of observational selection in 
this respect and of its elimination by rejecting the biased data is dis¬ 
cussed in §§ 34-35. 

Other methods of calibration are possible; for example, we might 
require that the mean values of h, and of u l/3 p should be the same 
for the stars for which h z is the same (and m l/3 p therefore different). 
In this case we must write equation (99) in the form 

lu'/ip = \ 
k 

and have in the mean 

V — hr 1 — l(i -f- z)~ 1 = l( 1 -J- z 1 z 3 z 4 -f- . . . .) , (102) 

so that l' is always greater than l. In practice, however, stars will 
very rarely be grouped in accordance with their dynamical paral¬ 
laxes. 

Again we might demand that the mean distance, instead of the 
mean parallax, should be given correctly by the statistical formula. 
For an impartial selection we must then put equation (99) in the 
form 

_i _ 1 _i 

hi ~ it l/3 p Ik 

and find 

V - F 1 , 

as above. For a fixed value of h, we must write 

— = 1 
hi = lu l/3 p 

and recover the relation (101). 

The calibration which gives correct mean parallaxes for an un¬ 
biased grouping will give correct mean distances for a grouping 
according to hi, and vice versa. Distances computed with the cali¬ 
bration factor l, which gives correct mean parallaxes, will average 
too great by the factor k-k~ x . Correction should be made for this 
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in dealing with distances or space motions calculated from individual 
dynamical parallaxes. 

If we seek the correct mean value of m, supposing the p's to be 
given, we have 

hi = uppk 3 , 

whence 

l" 3 k 3 = x = ~ (i + 32“ + z 3 ), 

which is the correction discussed in § 5. 

Finally, we may determine a calibration factor V" so that the mean 
absolute magnitude calculated from individual values of hi shall be 
correct, that is, so that 

log h x = log M'hp . 

With impartial selection this gives 

log V" = —log k — log l — log (1 + ») = log 1 + 4 z® — $a 3 H- . 
52. Mean Values of the Constants .—The mean value of 

k 3 — sin i sin 3 j ^2 — 

is easily found. Let <p be the angle between the orbit plane and the 
plane containing the radius vector and the line of sight, and J that 
between the radius vector and the direction of the orbital motion. 
Then all values of <p are equally probable, and 

cos j = cos i cos J + sin i sin J cos <p . 

Hence, if i and J are fixed and <p varies, the mean value of sin a j is 
1 — cos’ i cos’ J — \ sin® i sin® J. Next let i vary, keeping J fixed. 
The mean value of sin i sin* j is then 

7 T 7 T _ T 7 T . „ -r 

-7 cos® J — 3 — sin® J , 

4 16 0 32 ’ 

or 

~ (5 + cos® J) . 
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In the elliptic orbit, if E is the eccentric anomaly, we have 


- = i — e cos E , 
a 


cos 2 J 


e 3 sin 2 E 
i — e 3 cos 2 E ‘ 


Integrating with respect to the time, we find 

271-Jo 32 I - e COS’ E) K ’ 

(1 + e cos E)dE = — (5 — 2C a ) . 
3 2 


( I0 3 ) 


A direct attempt to find the mean values of k or i/k leads, in this 
case, to integrals which can be evaluated only by quadratures, 
which, since three variables arc involved, would be very laborious. 

53. Distribution of the Statistical Errors. —If, however, we can find 
the statistical probability that k 3 is less than any assigned value, the 
mean of any function of k can then be found by a simple quadra¬ 
ture; and, what is more, the distribution of the statistical errors in 
individual cases, and the mean amount of these errors, can be deter¬ 
mined. 

Suppose that we have any function Fix, y ) of two variables, 
which themselves have such statistical distributions that the prob¬ 
ability that x < x B is P(fc 0 ) and the probability that y < y 0 , when 
x = x 0 , is Qiyo, x 0 ). Required the probability that F(x, y) < z. 
Set * = * 0 , and let the roots of F(x 0 , y) = o be y u y 2 , y 3 , .Con¬ 

sider first the case where there is but one real root, and suppose that 
F < z when y < y z . Then the probability that F < z when x = x a 
is Q(y„ x 0 ). Multiplying this by the probability that X lies between 
x 0 and x 0 + dx a , and integrating, we find for the whole probability 
that F < z the expression 

*(») = /Q(y*» *«) dx ° • 

In the more general case, we will have 

#(*) =/(&-& + &•■• .)dP(xo) , ( 104 ) 


where Qi, Q„ , correspond to the roots y„ y„ . . . . , and the 
sign of Q is the same as that of (d/dy)F(x 0 , y), and the integration 
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extends over the whole permissible range of x a . Equation (104) may 
be expressed geometrically as follows. The transformation £ = 
F(x), ri = Q(y, x), converts the part of the xy plane which we need 
to consider into a square in the £77 plane, bounded by the axes and 
the lines £ = x and 77 = 1. The curve F(x, y) = z goes over into a 
certain curve C in the £77 plane. The probability 3 >(z) is equal to the 
fraction of the area of the square which lies on that side of C which 
corresponds to values of F which are less than z. 

It then follows that the mean value of any function /(z) is equal 
to the area included between the curve which has $(z) for abscissa 
and /(z) for ordinate, the lines $ = o and # = 1, and the axis 
/= o. 

Applying this first to the function 
F = sin i sin 3 j 

= sin t{ 1 — (cos i cos J + sin i sin J cos ip) 2 } , 
we have, from geometrical considerations, 

P(£) = 1 - cos i , Q(<p) = y- , 

7 T 


where i ranges from o to tt/ 2 and cp from o to 7r, while J is supposed 
constant and positive. Setting F = z, we find that there arc, in gen¬ 
eral, two values of <p given by the equations 

cos cp = —cot t cot J ± cosec * cosec JV1 — z cosec i. 


If the integral is written in the form (104), considerable care about 
the limits is necessary; but if the curves C in the £77 plane are plotted, 
all difficulty disappears. The quadratures were made by drawing 
these curves on co-ordinate paper, and “counting squares.” The 
resulting values of 3 >(z) were smoothed graphically and interpolated 
to form a general table giving $>(z) for all values of z and cos J. 

The next step was to introduce the orbital eccentricity. In this 
case the function for which the probability distribution is sought is 



sin i sin’ J , 
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and the appropriate variables are x = E and y = z = sin i sin 3 j, 
so that F' = 3(1 + e cos E). The probabilities are P(x) = (E — 
e sin E)/ir and Q(y, x ) = $(3, cos J) ; also, cot J = e sin i£/Vi — e 3 . 
The probability tp{u) that F < u was determined by another series 
of quadratures for various values of the orbital eccentricity e. As 
this function may be of some use to computers, it is tabulated here 
in summary form (sufficient for graphical interpretation) (Table 29). 

TABLE 29 

Probability («) that sin i sin 3 7(2 — (r/a) ) < « 



1.0 

0.0 

0.8 

0.6 

0.4 

0,9 

0,0 

0,00. 

0,000 

0.000 

0.000 

0.000 

0.000 

0.000 

0.000 

0.05. 

0.34s 

• 185 

0.109 

0.050 

0.034 

0.028 

0.027 

0,10. 

0-453 

■350 

0.231 

0.I2I 

0.074 

0.o6l 

0-057 

0.20. 

0.58s 

.526 

0-455 

0.294 

0.197 

°-*4S 

0-134 

0.30. 

0.671 

.630 

0.582 

0,442 

0.336 

0.273 

0.237 

0.40. 

0-735 

.704 

O.67I 

0.581 

0-473 

0.415 

O.4O9 

0.50. 

O.784 

.761 

0.737 


0.602 

0.553 

0.556 

0.60. 

0.825 

.807 

0.788 

0-755 

0.724 

0.678 

O.667 

0,80. 

0.885 

.874 

0.865 

O.864 

0.873 

0.866 

0.849 

I.OO. 

0.927 

.923 

0.Q2I 

0.935 

0.947 

0,964 

I .OOO 

1.20. 

1,40. .. 

I. 00. 

I.80. 

2.00. 

O.Q57 

O.Q78 

0.9QI 

O.998 

r.000 

.958 
•982 
• 994 
0.999 

0.963 
O.986 
0.996 
I.OOO 

0-973 

0.993 

I.OOO 

0.98s 
i. 000 

1.000 



Finally, it is necessary to take account of the probability of the 
occurrence of various values of e. This cannot be derived theo¬ 
retically but must be found from observational data. The empirical 
function P(e), given below, represents closely the distribution of 
eccentricities among the visual binaries for which reliable orbits are 
available. There is, of course, some doubt whether it is applicable 
to the physical pairs which have much longer average periods, but 
nothing better seems available at present. With these values of P(e) 
and the values of e) previously computed, the probability 
X(k 3 ) that sin i sin 2 y'( 2 — r/a) < k l was determined by one more 
quadrature. It is given in Table 30. Anyone who prefers a differ¬ 
ent distribution of eccentricities may compute X for himself with 
the aid of Table 29. 
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With this distribution the mean value of e is 0.510, and that of e 3 
is 0.312, giving a mean square value of 0.561 for e. The mean value 
of k 3 is found to be 0.4294, while the exact integral (eq. [103]) gives 
0.4296, a satisfactory agreement. The mean value of k is 0.7022, 
that of i/k is 1.620, and that of log™ k is —0.1761. 

54. Statistical Probable Errors .—It would now be easy to find the 
average or the mean square deviations between the actual and sta¬ 
tistical values of the parallax, mass, etc., and hence the "probable 
error” of the latter. Since, however, the distribution of these devia- 

TABLE 30 


Statistical Distributions 


Observed 

Computed Probability 

a 

-PM 

hi 

X 

hi 

X 

0.0 

0,000 

— 

0.000 

1.0 

0.942 

0,1 

0.021 

pm 

.063 

1.1 

0-963 

0.2 

0.085 


.132 

1.2 

0.979 

o -3 

0.191 

.2 

•*75 

1-3 

0.989 

0.4 

0.336 

.3 

.411 

1.4 

0.99s 

0.5 

0.511 

.4 

•S 37 

1.5 

0.997 

0.6 

0.669 

•s 

.647 

1.6 

0.999 

0.7 

0.783 . 

.6 

•739 

1 • 7 

1,000 

0,8 

0,869 

■ 7 

.811 



0.9 

O.Q 39 

.8 

.868 



1,0 

1.000 

0.9 

0,911 




tions is not Gaussian, the ordinary formulae for probable error are 
hardly applicable, and the following method has been preferred. 

In a normal frequency distribution with mean value a and probable 
error r, half of the individual quantities will be less than r, one- 
fourth less than a — r, and so on—a definite probability X cor¬ 
responds to any limit a + br. For a scries of equidistant values of b, 
X can be found from tables of the probability integral. But we have 
already found (for each of our formulae) the relation between X 
and k, so that the corresponding values of k or any function f(k) 
may be tabulated. If the distribution of the quantities / were 
Gaussian, the mean of the values of f corresponding to b <~±.n/i 
would always equal a,, and their difference would be nr. For other 
frequency distributions the deduced values of a will vary with n, at 
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a rate increasing with the skewness of the distribution, and those 
of r will vary at a rate increasing with the “excess.” 

Table 31 shows the result of this process, applied to k, i/k, k 3 , and 
log k. The values of a corresponding to integral values of n from 

TABLE 31 


Distribution of Statistical Errors 


n 

X 

h 

I Ik 

iV 

log b 

-5 . 

0.0459 

0.332 

3-02 

0.037 

-0.477 

. 

.0887 

0,407 

2.46 

0.069 

- .387 

-3 . 

•I 359 

0.488 

2.05 


- .311 

— 2. 

.2500 

0.567 

I.76 

■2^ 

— .246 

— 1. 

.3680 

0.644 

i -55 

■in 

— .190 

0. 

.5000 

0.717 

1.40 


— .144 

+1. 

.6320 

0.785 

1.27 

mmzm . 

— .105 

+2. 

■ 75 oo 

0.851 

T.17 

WmBm 

— .070 

+3. 

.8441 

0.910 

1.10 

ns 

— .040 

+4 . 

.9113 

0.966 

1.03 


— .016 

+5 . 

0.9541 

x .016 

0.98 

mm 

+0.007 

tfo . .. 


0.717 

1.40 

0.370 

-O.144 

Oi. 


■715 

1.41 

• 373 

— .148 

Ch . 


.709 

x .46 

-399 

“ .158 

. 


.699 

1.58 

•437 

— .176 

on . 


.687 

i -75 

.486 

— .201 

05 . 


0.674 

2.00 

o .544 

“O.235 

Mean . 


O 

8 

1.60 

0-435 

-0.177 

Mean by- 






quadrature 


0.702 

1.62 

0.429 

—0.176 

ft . 


O.I4J 

0.28 ; 

0.202 

±0.085 

ft . 


.142 

.29 

.216 

± .088 

fj. 


•141 

smbM t ekiiI 

.2T3 

± .090 

u . 


•139 


.209 

± .093 

u . 


O.I37 


0.203 

±0.097 

Mean . 


0.140 

0-331 

o.aog 

±0.091 

r/M . 


0.200 

0.204 

0.487 



o to s are given in the middle part of the table. They frequently 
show a wide range, indicating that the skewness is large. The mean 
of the six values is, however, close to the true mean M , found by 
quadratures, except when the skewness is extreme. 

The lower part of the table gives the correspondin g values of r. 
Here, again, the distribution is usually far from normal; but the 
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means, ?, have been taken as above. The ratio r/M of these to the 
true mean value may be taken as a measure of the statistical errors. 

By a happy accident (if such a term may be applied to a purely 
mathematical relation) the distribution of the statistical errors in 
the determination of the parallax by this method is remarkably simi¬ 
lar to the normal type, with a probable error of 20 per cent of the 
mean value. 

We have, in fact, for the number of errors to be expected in 1,000 
cases, the results shown in Table 32. Except for the excess of large 
negative over large positive errors, the distribution is as nearly 

TABLE 32 


Statistical Errors of the formula for Parallax 


Limits of l 

Positive 

Negative * 

Both 

Normal 

0.0 -0 10. 

134 

125 

259 

264 

0.10--0.20. 

132 

103 

*35 

236 

0.20-0.30. 

109 

84 


188 

0.30-0.40. 

80 

62 

142 

135 

0.40-0.50. 

49 

43 


85 

0.50-0.60. 

19 

28 

47 

49 

0,60-0.70. 

4 

IS 


25 

0.70-0.80. 

X 

8 

9 

11 

Over 0.80. 

0 

4 

4 

7 

All. 

528 

47 * 

1000 

1000 


normal as one might expect to find in a random sample, of moderate 
size, taken from a “population” of strictly normal distribution. 

55. Statistical Errors of the Adopted Dynamical Parallaxes .—The 
calibration here has been made so that the mean dynamical paral¬ 
lax h x is correct for a group selected impartially with regard to the 
geometrical conditions in the orbit. The value of l is then 1/0.702 = 
1425, and equation (97) becomes 

h t = o. 4 i 8 "^ 5 w 3 , 

as in equation (13). 

The statistical probable error of h It arising from the averaging 
process, is ± 20 per cent of the mean value of h t for similar stars, 
that is, of the mean value of u t/ 3 p, so long as the selection is im¬ 
partial. For stars selected by means of large or small values of h t 
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it will be greater, and serious systematic effects of the selection may 
be expected. 

It is shown in § 63 that the dynamical parallaxes, d, defined by 
equation (127), are so calibrated that, in the mean, they agree with 
the true parallaxes; but the effect of the accidental errors of K 
(whether arising from errors of observation or from statistical 
causes) is increased, so that (x + z) is replaced by (1 + z) b , where 
b = 1.25 (eq. [124]). 

From Table 32 we find easily z = —0.0003, z a = 0.0844, z 3 = 
—0.0083, z 4 = 0-0195, z 5 = —0.0051, j? = 0.0071, z 7 = —0.0030, 
and ? = 0.0034; whence (1 + z) -1 = 1.131. The quadratures of 
Table 31 give 0.702 X 1.62 = 1.138. Similarly, we find (allowing, 
when necessary, for higher terms in the series) 

(1 + z) r - JS = 1.014 , (1 + z) -Iias = 1.2i , ln(i + z) = —0.068 , 

log I0 (1 + z) = -0.0296 . 

The first of these quantities is allowed for by the correction B' (§ 63). 
It follows from the second .that, if distances or transverse velocities 
are calculated from the individual dynamical parallaxes, d, their 
mean will be too great by the factor 1.21 X 1.014. To obtain correct 
means these distances must be multiplied by 0.815. Similarly, if 
absolute magnitudes are computed from the d’ s, they will, on the 
average, be too bright by 5 X (0.0296 + log™ 1.014) = o>?i8. No 
such correction is required when the dynamical parallax has been 
determined from an orbit, but an additional allowance should be 
made for the effects of errors of observation. This may be left for 
discussion when occasion arises—noting only that, since these errors 
cannot make a dynamical parallax negative, the integrals for the 
reciprocal or logarithm of (1 + z) will still be convergent. 

Barbier 3 has made the interesting remark that dynamical paral¬ 
laxes determined by this statistical process cannot be regarded as 
the most probable parallaxes of the pairs. Even if no other informa¬ 
tion were available, this comment is strictly correct. By numerical 

* D. Barbier, “Thtses pr6sent£es & la Faculty des Sciences de Paris” (No. d’ordre: 
2326, Sfir. A, No. 1463), p. 68, Paris; Gauthier-Villars, 1934. 
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differentiation of the probability given in Table 32, it is found that 
this is a maximum when 2 = + 0.07, so that the most probable paral¬ 
lax is 1.07 times the value d defined by equation (127). 

The most probable value, however, does not lead to correct mean 
values of any of the quantities depending on the parallax and is 
therefore not likely to be of practical use. Barbier’s remark that the 
usefulness of dynamical parallaxes is comparable to that of small 
trigonometric parallaxes is somewhat too severe, for the percentage 
errors of the latter are much greater. Like all other determinations 
of small parallaxes, they are most valuable when combined into 
statistical averages—provided, of course, that any systematic effects 
of selection are allowed for. 

The comparison (quoted by Barbier 3 ) which Cecchini 4 has made 
between trigonometric and dynamical parallaxes is of interest. 
Grouping the stars in accordance with the values of d (from the 
older list by the writers), he finds: 


2 . 



0^030 

0?050 

Bjij 

wm 

o?ioo 

2-2. 

+ .004 


— .OOI 

— .Oil 



— .022 

Predicted. 



— .006 

— .009 



“ .019 

O-C. 

1 

+0.004 


+0.005 

— 0.002 


BB 

— O.OO3 


The discussion just given shows that, for this method of selection, 
agreement should be secured by multiplying the tabular values of d 
by 0.8x5. This removes by far the greater part of the discordance. 
The outstanding residuals are small. The application of an empirical 
correction to remove the whole discrepancy (as Cecchini has done) 
amounts to defining d so that the means will be correct when selected 
by the value of d. As we have seen, and as Barbier agrees, this will 
introduce systematic errors into means derived by other and more 
impartial methods of selection. 

B. TRIPLE SYSTEMS 

56. Test of Statistical Formulae .—A good test of the validity of 
the statistical process for slow-moving pairs may be made for triple 

3 Ibid., p. 67. 

4 Pub. d. r. osserv. astronom. di Merate, 4, aa, 1931. 
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systems in which a close pair, for which an orbit has been calculated, 
is attended by a distant physical companion. There is no case in 
which an orbit may yet be derived for the wider pair, or is likely to 
be for a long time to come; but it is possible to calculate h t from the 
orbit of the close pair and the relative motion in the wide one. 

If fa is the hypothetical parallax derived from the orbit and ^ is 
that derived from the wide pair, if M t and M a are the masses of the 
close pair and m 3 is that of the companion, we have, by (ix) and 

(13). 


hi = (Ml + Mj) 1 hp , il l = (m, + Ml + i£ i ) l/3 p{l + z) ,1 


*, - a., + M. + t) 

hi \ Mr + M» / 


( IO S) 


The values of m I} m,, and m 3 may be estimated from the mass- 
luminosity relation, and that of the statistical factor 1+2 thus 
determined in each individual case. 

Adopting the empirical equation (94), we have 

log = o.»(JT k — Mu) , log = o.i2(ilfj,i — Mbt) , (xo 6 ) 

where Mu and Mu are the absolute bolomctric magnitudes of the 
stars (with Eddington’s correction). 

But if Wj(bol) and w a (bol) are the apparent bolometric magni¬ 
tudes of the pair and m t and are the apparent visual magnitudes, 

Mu — Mu = w,(bol) — w a (bol) <= nti — nh + C'i — C',, 

where C' is the correction given in Table 40. When any of the 
components is a spectroscopic binary showing two spectra, we must 
make it brighter by 1T87 (§ 64, end) to allow for the effect which 
would be produced by combining the two bodies into one mass. 
When only one spectrum is visible, the corresponding correction is 
1^62. (This is probably too great, but it will be used here for the 
sake of consistency.) The same correction should be applied to com¬ 
ponent C of f Cancri, which has an invisible optical companion. 

Sixteen triple systems of this sort are available. Data for the 
orbits are given in Table 52. Those for the wide pairs are given in 
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Table 33. They have not been used for calculating dynamical paral¬ 
laxes in the present work, since the orbits give better values; but 
most of them appear in the earlier lists. The values of h 3 from the 
slow motions, of K from the orbits, and the ratios hjh 1 arc given in 
the last three columns. The mean hjK is 1.22, and the individual 
residuals give a standard deviation of ±0.45, corresponding to a 
probable error of ± 24 per cent. 

TABLE 33 


Triple Systems (Wide Pairs) 


ADS 

E 

0 

dd 

100 di 

■ 

ds 

100 si 

IOOtfl 

h 

ht 

h/h 

4 - 5 ° • • • 


207?7 

— 

24?6 


+0^02 

°*95 

0*0244 

0?02C)8 

0.82 

l h 34 -•• 


*5 

+ 234 

1.S8 

—0.12 

6.48 

.0788 

.0630 

1.25 

1630, . . 

75 

63.0 


0.0 

10.24 

-0.34 

0.35 

.0208 

.0218 

0.05 

2200... 

80 

237.0 

+ 

0.3 

13-99 

—0.1 

0.042 

.0057 

.0220 

0.26 

3 h io.•■ 

90 

219 

— 

30 

3.93 

+0.71 

1-72 

.0399 

•0445 

0.90 

3093-- 

70 

106,7 

— 

3.5 

83-15 

“ 3.2 

6.02 

.281 

*173 

1.62 

4929... 

80 

252.s 

+ 

10,0 

2.8 S 

+0.38 

0.60 

.0107 

.0198 

1.00 

617s*.. 

K1 

165.6 

+ 

2.S 3 

72.20 

“ 0.97 

2.60 


.120 

1.27 

6554.•• 

00 

193 

+ 

32 

4.72 

—0.14 

2.61 

.0617 

.0305 

2.02 

6650,.. 



— 

53 

s.48 

0.00 

5-14 

.102 

.0603 

£ ,69 

6993,.. 


220 

+ 

54 

3-33 

“0.16 

3-14 

.0622 

1 .0372 

I.67 

9247... 


188,3 

+ 

5 -o 

6.29 

+0.21 

0.62 

,026l 

l .0205 

T .27 

9909... 


69. s 

— 

19 

7-23 

+0.68 

2.44 

.0682 

1 .0569 

1.20 

10786... 


244.9 

+ 

4.15 

31-06 

+3.02 

3.78 

. E48 

• I0 5 

1,4X 

12145... 


225 

— 

21 

4.11 

+0.45 

i -53 

.0413 

.0265 


12973-. 


3 II.S 


1,0 

8.69 

—0.16 

0.176 

O.OI25 

0.0182 



* Motion of C relative to (A+B)/a, 


A better test, however, is to compute the masses, as described 
above and exhibited in Table 34. The second column gives the 
spectra of the three components so far as known; the third, their 
visual magnitudes; and the fourth, the apparent bolometric magni¬ 
tudes m(bol), obtained by adding the correction C and the special 
corrections for spectroscopic binaries. For the white dwarf o 1 
Eridani A (3093) this has been made brighter by 3™ to allow ap¬ 
proximately for the known deviation of this star from the mass- 
luminosity law (cf. Fig. 1). Then follow the values of Mj/m, and 
Mj/Mj (found by eq. [106]), of the correction factor in equation 
(105), and finally of x + z. The mean value of 2 is +0.05, the aver¬ 
age regardless of sign ±0.30 and the mean-square value ±0.38. 
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Both of the latter correspond to a probable error of ±0.26. The 
value to be anticipated from the statistical process alone is ±0.20; 
but the uncertainty of determination from 16 entries corresponds to 

TABLE 34 


Masses in Triple Systems 


ADS 

Spectra 

in 

w*(bol) 

M a 

Mi 

3 i 

Mi 

/Mi+Ma+MAl /3 

i+a 

n 

H 

B 

B 


H 

■ 

3 

V Mj+M 3 ) 

45 ° ■ • 

Gs 


m 



PE 

IB 

11 .6 

I .OO 

0.58 

1.09 

°* 7 S 

i h 34 - • 

Gs 


r.s 

8.2 

12.1 

7.8 

8.3 

10.6 

O.90 

O.46 

1.08 

1.16 

1630. . 

B9 

«K 3 

5-4 

6 6 

2.3 

S-6 

6.8 

1.1 

O.72 

3-47 

1-45 

0.65 

aaoo. . 

A6 


5-7 

6.7 

9-3 

6.0 

7.0 

9.2 

O.76 

0.41 

1.07 

0,24 

3 h io., 

F 2 


6 - 4 b 

7.0 

8.9 

5 -i 

7.2 

8.8 

O.56 

0,36 

1.07 

0.84 

3093 . ■ 

Aa Ms 

ko 

9. 7 ° 

11 -5 

4 -S 

7.0 

s .4 

4-3 

0.68 

2.11 

I .31 

1.24 

4929.. 

A3 


7-9 

7 9 u 

9.3 

8.2 

8.2 

9*5 

1.00 

0.70 

I.II 

0.90 

6175.. 

Aa A8 

Mi 

2 ,o b 

2.8 b 

8.9“ 

0.7 

i -5 

5 -i 

0.80 

0,30 

1.05 

1.21 

6554 -. 

Es 

.... 

8.6 

8.6 

10.2 

8.3 

8 3 

9.4 

1.00 

0.74 

r.11 

1.82 

6650,.. 

f 7 

Ga 

5*6 

6.3 

6.o b 

5-7 

6.4 

4 -S 

0.82 

1.32 

1.21 

1.40 

6993. . 

F8 ... 

F 7 

3-8 

5-3 

6.8 

3*9 

S ■ 2 

6.9 

0.70 

0.44 

1.08 

i-SS 

9247. • 

F 2 

Bg 

6.8 b 

8.5 

5 .1 

5-4 

8.6 

5*3 

0.41 

1.03 

1.20 

1.06 

9909.. 

f 4 

g 7 

4.8 

5 -i 

7.2 

S 

S‘3 

7.1 

0.92 

0.56 

1.09 

I . TO 

10786.. 

m 3 

G4 

10.2 

10.7 

3-5 

7.7 

8.3 

3-5 

0.87 

3.19 

1-39 

1.02 

1214S• - 

Ko 

G4 

8.9 

8.9 

8.2» 

8.7 

8.7 

6.6 

1.00 

1.79 

1.24 

1.26 

12973. • 

Ao 


5-4 

6.4 

8-7 

s.« 

6.6 

8.9 

0.76 

0.40 

1.07 

O.64 


a. Spectroscopic binary, two spectra visible. 

b. Spectroscopic binary, one spectrum visible. 

c. White dwarf. 


a probable error of 12 per cent, or ±0.03, so that the outstanding 
discordance is not serious. The mean value of z, +0.05 ± 0.06, is 
without significance. 


C. MASS KATIOS 

57. Visual Binaries .—The ratio of the masses in a visual binary 
is not easy to determine accurately. A critical study has recently 
been made by Kuiper. 8 We are interested here in the agreement of 
the results with the empirical mass-luminosity relation (94), which 
may be written, in this case, as in § 56: 

log (—) = o.i2(»»i — irh + C' t — C' a ) . (107) 


s Ap. J., 88 , 479 - 485 , 1938 . 
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The data are given in Table 35. The second column gives the 
spectra, from Kuiper’s Table 1 ; 6 the third, the difference of visual 
magnitude, from the same source; the fourth, that of the correction 
C', taken separately from Table 40 when both spectra are known 
and otherwise from Figure 4 (that is, guessing at the spectrum of 
the faint component on the assumption that it belongs to the main 
sequence, as the primary does in all these cases). The resulting 
values are given in parentheses. Kuiper, who purposely confines 
himself to the most reliable individual observed values of luminosity, 
reasonably rejects these faint components from his list; but, as 
estimates with the aid of Figure 4 have been made in large numbers 
in the present work, it is desirable to test their results. 

The fifth column gives ^/(m, + M a ), from Kuiper’s Table 5, 
except that an additional determination is given for a Gcminorum 
(6x75). The first value, from Boss’s General Catalogue , 1 appears to be 
doubtful; so a rough solution was made from the measures of the 
distant companion C. 8 This gave M a /(M t + M a ) = 0.46 ± 0.16. A 
considerably better determination could be made by including the 
. recent measures (which there was no time to collect). The last three 
columns give the value of log (M a /M t ), corresponding to this, the 
value computed from equation (107) and the residual. 

For 44 Bootis (9494) the fainter component is an eclipsing binary 
with nearly equal components. The computed M a is therefore twice 
the mean value calculated for a single component of this pair. The 
same assumption (following Kuiper) has been made for the faint 
component of 85 Pegasi (1717s), with the results given in the la3t 
line of the table. 

The two huge residuals, for o a Eridani (3093) and Sirius (5423), 
arise from the presence of white dwarfs. The large discordance for 
Procyon (6251) indicates that its companion is also a white dwarf 
(as Kuiper points out). 

For xi of the remaining 16 systems the data are free from uncer¬ 
tainty. The mean residual for these is +0.042 (corresponding to a 
ratio of 1.10), and the mean square is ±0.067. The four pairs for 

4 These often disagree slightly with the values in Tables 5a and 53. 

7 *. iSS, * 937 - 

8 See Russell, Ap. 33, 369, 1910; measures to 1935 added from Atiken Double 
Stars, x, 3x3,1933. 
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which the data have been noted as doubtful have much larger 
residuals. Finally, for 85 Pegasi, Kuiper’s assumption that the com¬ 
panion is double gives a good agreement. The mass ratio obtained 
from the distant companion of Castor (6175) agrees much better 
than that from the meridian observations. 

TABLE 35 


mass Ratios in Visual Binaries 


ADS 

Spectra. 


Ca~Ci 

Ma 

Mi+M 3 

-(g) 

Oba. 

iob © 
Comp. 

0- 

-c 

671. 

Go 

K.S+ 

3“74 

-0.95 

0.392 

— c 

.19 

“ 0.33 

+O.I 4 

3093 . 

B9 

Mse 

1.48 

- 3 - 3 : 

.31 

— 

■ 35 

+0.22 

— 

■57 

3841. 

g 4 

f 4 

0.15 

+o.S° 

•443 

— 

.10 

—0.08 

— 

.02 

5423 . 

Ao 

As 

10.06 

+ 0.09 

, -295 

— 

.38 

— I.22 

+ 

.84 

617s. 

Ao b 

Ai b 

0.86 

+O.O3 

f .64: 

\ - 46 : 

+ 

.07/ 

—O.II 

it 

• 3 < 5 : 
04: 

6251. 

F 3 

,,,, 

10.3 

(- 3 - 3 ) 

.235 

— 

.51 

—0.84 

+ 

■33 

8630. 

Fo 

Fo 

0.03 

0.00 

• S° 8 

+ 

.01 

0.00 

+ 

.01 

8891. 

A2 

As 

0.0 

0.00 

.501 


.OO 

0,00 


.00 

i 4 h S 9 . 

g 4 

Ki 

1-37 

—0.23 

.446 

— 

.09 

—0.14 

+ 

•05 

9413. 

G8 

Ks 

1.96 

—0.46 

.461 

— 

.07 

—0.18 

+ 

.11 

9494 . 

Gi 

Gs“ 

0.82 

-0.00 

.7: 

+ 

, 36 : 

+0.12 

+ 

.24: 

10157. 

Gi 

2.80 

-0.82 

.38 

— 

.21 

—0,24 

+ 

■03 

10660. 

Gx 

• • • • 

2.61 

(-0.75) 

.38 

— 

.21 

—0.22 

+ 

.ox 

11046. 

Ki 

k 4 

x ,68 

‘-0.21 

.450 

— 

El 

—0.18 

+ 

• 09 . 

11077. 

F 5 

3-40 

(-O.84) 

,26: 

—■ 

■ 45 : 

—0.31 

— 

.14: 

1x871. 

Go 


1.78 

(-O.43) 

•45 

— 

.09 

—0.16 

+ 

.07 

14787. 

Fo 

.... 

2.82 

(-0.47) 

.328 

— 

.31 

—0.28 

— 

.03 

IS 972 . 

m 4 + 

M6 

, 1,5 


• 359 

— 

.25 

—0.12: 

— 

• 13: 

G2 


/ 3 . 5 * 

(-1.1) 

• Si 

+ 

.02 

—0.29 

+ 

■ 3 ii 

17175. 


l 4-25 

(-1.35) 

o- 5 i 

+0,02 

—0.03 

+0.05: 


a. Spectroscopic binary, showing two spectra. 

b. Spectroscopic binary, showing one spectrum, 


The rather large number of discordances with the simple mass- 
luminosity law, revealed in this short list, might be disquieting; but 
they arise mainly from the presence of white dwarfs which are 
observable only because they happen to be very near the sun. There 
is very little chance of finding white dwarfs in the general list. It is 
not at all improbable, however, that there are a good many pairs in 
the general list for which one component is an unresolved close pair. 
In this case the computed dynamical parallax will be too great. 

58. Eclipsing Binaries .—Mass ratios are also known for the 
eclipsing spectroscopic binaries of Table 27. There are 33 of these; 
but for 2 of these—V Puppis and Scorpii—the masses have been 
assumed either to be equal or to follow the mass-luminosity rela- 
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tion, which leaves 31 systems available. For these, m^/m, is given di¬ 
rectly by the spectroscopic observations. The difference of apparent 
magnitude is given by 

Wi — = 2.5 log ^ . (xo8) 

To find Ci — C'„ we may have recourse to the difference in surface 
brightness, which is given, in stellar magnitudes, by 

Ji — J a = mi — m a + 5 log (r, — r a ) . (109) 

We have, also, by the definition of the bolometric correction C, 

J = — 10 log T, — C — 0.02 . 

The constant has been adjusted so that J = o for dGo (Table 39). 
If now C' is plotted against J, we may take J x corresponding to the 
spectrum of the bright component and find J a from equation (109) 
and C, from the curve. When the observations of light are photo¬ 
graphic, the value of J should be changed to the visual scale. This 
may be done, with sufficient accuracy for the present purpose, by 
multiplying by 0.8. For photoelectric observations J has been 
multiplied by 0.9 (as a compromise). 

The results are given in Table 36. The “computed” value is de¬ 
rived from equation (107). The last column gives the logarithm of 
the ratio of the densities. 

59. Deviations from Mass-Luminosity Relation. —It is apparent, 
on inspection, that there is a correlation between this and the 
deviations from the standard mass-luminosity relation. Grouping 
the stars according to p 3 /p t and taking simple means, we find (ex¬ 
cluding £ Aurigae): 


No, 

Mean 

Mean 

O-C 

o,ifi los te) 

6. 

+O.30 

+0,08 

+0.05 

9 . 

-0,03 

— .03 

.00 

8. 

—0.24 

— .06 

- .04 

7 . 

—X.09 

—0.17 

—0.17 


The relation between the means is smoother than might be expected 
from the scatter of the individual data. This relation is evidently 
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significant: it means that a star which has a lower density than 
normal for its spectral type will be brighter than normal for its 
mass. Let u 0 be the mass, and let r 0 and M„ be the normal radius 

TABLE 36 


Mass Ratios for Eclipsing Variables 


Star 

mi—m 


Cl-Ci 

loff (^) 
Obs. 

Comp. 

0- 

-C 

-(a 

29 CMa. 

—0,65 

—0.17 

—0 28 

—0 

.12 

—0 

.11 

—c 

>.01 

+0 18 

Y Cyg. 

0.00 

0.00 

0.00 


.00 


.00 


.00 


AH Cep. 

AG Per. 

—0.40 

-0.99 

+0.11 
—0.21 

+0.13 

—0.18 

— 

.06 

■05 

_ 

.03 

.14 

+ 

.03 

.09 

+0.31 

+0.41 

TT Aur. 

—0.72 

-0.47 

-0.37 

— 

.10 

— 

.13 

+ 

•03 

+0.05 

u Her. 

— 1.00 

— 1.00 

—0.62 

— 

.42 

— 

.19 


23 

—0.42 

Z Vul. 

-i -55 

— 1.40 

—0.70 

— 

•35 

— 

.27 

— 

.08 

—0.2s 

cr Aql. 

—0.27 

—0,27 

—0.23 

— 

.08 

— 

.06 

— 

02 

—0.08 

U CrB. 

— loll 

— 2.17 

—0.40 

— 

.42 

— 

.18 

_ 

.24 

— 1.06 

TJOph. 

—0.18 

—0.18 

—0.10 

— 

.06 

— 

.03 

_ 

■ °3 

—0.06 

U Sge. 

— 2.62 

—3.16 

+0.32 

— 

■52 

— 

.28 

_ 

.24 

—0.85 

AR Aur. 

+0.04 

—0.14 

—0,04 

— 

■03 


.00 

— 

.03 

—0.14 

TX TJMa. 

-I -95 

EjEl 

+0.25 

— 

.52 

— 

.20 

_ 

• 32 

—1.31 


—2.62 


—0.07 

— 

.07 

— 

.32 

+ 

■ 2 5 

+0.42 

TV Cas. 

- 1.95 


+0.08 

— 

.26 

— 

.23 


•03 

— °-33 

0 Aur. 

0.00 

0,00 

0.00 

— 

.01 


.00 

_ 

.01 

—0.01 

RX Her. 

—0.12 

— 0.12 

—0.03 

— 

■05 

— 

02 

— 

■°S 

—0.05 


—0.52 

— 0.72 

—0.06 

— 

.07 

— 

.07 


.00 

—0 19 

TX Her. 

—0.50 

— O.50 

—0.03 

— 

.07 

— 

.06 

— 

.01 

—0.07 

CM Lac. 

—0.32 

— 0.80 

0.00 

— 

.12 

— 

.04 


.08 

—0 42 

WW Aur. 

—0.26 

— O.I4 

+0.01 

— 

.06 

— 

•03 

— 

.03 

+0,02 

S Ant. 

—0.76 

— 0.22 

+0.03 

— 

.25 

— 

.09 

— 

.16 

+0.08 

Z Her. 

—0.03 

-1.68 

+0.48 

— 

.09 

+ 

■OS 

— 

.14 

—1.07 

RS CVn. 

-0.97 

73.51 

+1.40 

— 

.03 

+ 

04 

— 

.07 

— i .55 

W UMa. 

—0.46 

+0,16 

+0.05 

— 

.14 

— 

•os 

— 

.09 

+0.23 


—0,03 

+0.01 

0,00 

— 

.02 


.00 

— 

.02 

+0.01 

WWDra. 

—0.27 

-1.6s 

+0.77 

— 

.15 

— 

.06 

— 

.09 

-0.93 

RT Lac. 

-o -35 

-o -35 

+0.14 

+ 

.28 

+ 

■ 03 

+ 

•25 

+0.28 

AR Lac. 

—0.21 

— 1.63 

+0.72 


.00 

+ 

.06 

— 

.06 

-0.85 

f Aur. 

-1,8: 

+S.o: 

-1.8: 

— 

.27 

— 

•44 

+ 

.17 

+3.8: 

YY Gem. 

0,00 

0.00 

0.00 

—c 

>.04 

c 

>.00 

—0.04 

—0.04 


and absolute magnitude (with Eddington’s correction) for the given 
spectral type. If the actual radius is r, we will have 

M - M. - 5 log (£) , log (A) . - 3 log (I) . 

If M is the mass derived for this star by the application of the 
standard mass-luminosity relation, we have 

O — C = log — o.x2 (M — Mo) = 0.20 log . 
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The observed coefficient, 0.16, indicates that the greater part, but 
not all, of the difference in density between the components arises 
from deviations of the kind here considered. 

Eclipsing variables, as is well known, provide a powerful method 
for selecting stars which are, at the same time, larger and fainter 
than their main-sequence companions. Stromgren 9 noticed, some 
time ago, that some such stars were “too bright” for their masses, 
and had very small values of the calculated abundance of hydrogen; 
and Chandrasekhar has indicated that the principal component of 
f Herculis is a star of this sort. 10 These stars should provide an im¬ 
portant test of theories of stellar energy. 

Calculation of the masses and dimensions of eclipsing binaries, 
for which no radial velocities are available, may be systematically 
affected if the average mass-luminosity relation is applied to systems 
with large faint secondaries. 

Even for visual binaries, observational selection operates strongly 
against the discovery of companions of small mass. Such practically 
dark bodies can produce observable effects only when their periods 
are short, so that their primaries are recorded as spectroscopic 
binaries of small velocity range and mass function. The studies men¬ 
tioned in § 48 indicate that bodies of this sort are actually fairly 
numerous. 

D. ASTROPHYSICAL CONCLUSIONS 

60. Relations between Mass, Luminosity, and Spectral Class .— 
The principal result of the present investigation is that a simple 
linear mass-luminosity correlation has been shown to be of very 
general application. The results obtained by plotting log Mt I/3 against 
Ml for the various groups of stars which have been discussed are 
given in Figure x. The heavy line represents the empirical linear 
formula (94); the dashed curve, Eddington’s relation, with the zero- 
point derived in § 46. The general agreement of the points with the 
line is very striking. Almost all the large discordances correspond 
to small or poorly determined groups; and there is little evidence, 
if any, of systematic deviation from the line—except, of course, for 

>Zs.f.Ap., 7, a3S, 1933 - 

<0 Stellar Structure, p. 379, Chicago: University of Chicago Press, 1938. 
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the white dwaxfs. If log m & i/3 is plotted against the spectral type, 
Figure 2 is obtained. The mean values for spectroscopic binaries 
showing two spectra (Table 25) may be entered here but not in 
Figure 1 (since the absolute magnitudes are not reliably known). 

log ^73 



B A F G KM 

Fig. 3.— Relation between mass and spectral type 


In general character this figure resembles the familiar spectrum- 
luminosity diagram—as it must, on account of the close correlation 
between mass and absolute magnitude. The main sequence is con¬ 
spicuous; the giant series is well indicated; and the white dwarfs 
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stand alone. 11 It is noteworthy that Sirius B departs twice as far 
from the main sequence as o 2 Eridani B. The K stars, apparently 
intermediate between giants and dwarfs, represent the spectro¬ 
scopic parallaxes for the giants (§ 40), the subgiants (§ 41), and 
the eclipsing variables RT Lacertae and WW Draconis, which are 
true subgiants, at least in density. 

The quantity Mb which appears in equation (94) is not the bolo- 
metric absolute magnitude M, as commonly defined, but 

M + 2log G^)- (lIO > 

For the main-sequence stars, which form the great majority of our 
list, M is very nearly a linear function of Mi. We have, indeed, from 
Tables 23 and 28, the following (combining the orbits and physical 
pairs in the latter): 


Eclipsing Binaries 

Visual Binaries 

Sp. 

Mb 

a Ios (i^s) 

o-c 

Sp. 





-7.8 

4-1.67 

—0.19 

B2.9 

-1.8 

+ I.II 

+0.12 


- 4-5 

+1.37 

— .01 

A1.7 

+I.I 

+o.SS 

— .OI 


— 2.6 

+I.II 

4- .01 

A9.8 

+ 2.6 

+0.32 

— .02 


— 1.1 

+0.82 

— .06 

F4.2 

+3.* 

+0,21 

- -os 


+0.7 

+0.65 

+ .03 

F9.8 

+4.2 

+O.13 

+ .02 


+ 3.4 

4 - 0.39 

+ -01 

G8.s 

+4.9 

—0.02 

- .03 


+ 4-5 

4-0.10 

4 - .03 

K4.9 

+ 5-9 

—0.18 

— .05 

dMi 

+ 7*7 

—0.40 

— 0.01 

M2,2 

+8.S 

! 

-°. 4 S 

+0,06 


From a plot of these data the empirical relation follows: 


2 log (5200) = - °* 1 45 (* f * ~ 5 ) • (hi) 

The residuals from this are given in the table above. They are 
small and apparently of a random character. 

11 These are: Sirius B: Mb •= 11.7, M ™ 0.96, log = —0.005, spectrum A5; 
0’ Erid B: Mb = 11.4, M = 0.44, log u x/ ‘ — —o.rx8, spectrum Aa. 
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From equations (in) and (no) 

M = i.i45ifcfj — 0.725 , Mb — 5.20 = o.873(Af — 5.23) , (112) 

so that equation (94) becomes 

log m i/3 = — o.o349(M — 5.23) . 

For the cube-root mean of the masses we have, therefore, 


log m = — o.io48(Af — 5.23) ■ (X13) 

If L is the luminosity in terms of the sun, 

log L = — o.4(ilf — 4.62) ; 

whence 

log M = 0.262 log L + 0.064 } (114) 

log L => 3.816 log M - 0.244 ■ (115) 


These equations give the final expression of the mass-luminosity 
relation, as derived in the present work. The additive constants indi¬ 
cate that the sun is not an “average” main-sequence star but is o"‘6 
too bright for its mass—or has only 85 per cent of the mass normally 
corresponding to its light. 

Measuring T, and R also in solar units, we have from (in), (112), 
(113), and (114) 


log T, - — o.o634(M - 5.23) - 0.055 - +0.604 log m — 0.055 , 


log R ■* 0.700 log m — 0.022 . 


A standard main-sequence star of the sun’s mass should therefore 
have 0.572 times the sun’s light, 0.955 times its radius, 1.16 times 
its density, and 0.884 times its effective temperature, corresponding 
to G8 on Kuiper’s scale (on which the sun is G2). A star of the sun’s 
absolute magnitude should have 1.16 times its mass, 1.052 times its 
radius, 0.99 times its density, and 0.965 times its temperature (spec¬ 
trum G3.5). Except for the spectrum, the latter would not be easy 
to distinguish from the sun by ordinary observations. 
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It is of interest to compare these results with the predictions of 
Bethe’s theory. 1 * For homologous stars in which radiation pressure 
is unimportant, he finds 

L = constant , 

R — constant M € ‘' 5 ^c n ^(yz ) e ' i15 , 

T t — constant , 

where n is the mean molecular weight, y the concentration of heavy 
elements (which produce opacity), and z the product of the concen¬ 
trations of the active nuclei E and AT" 14 . 

If fi is taken as constant, the agreement is not close; but the as¬ 
sumption that 11 a m: - 0 ' 08 * gives L a m 3 83 , R <= and T, cc m°- 6 ° 
—an agreement too good to be wholly true, but doubtless significant. 

Direct calculation of the hydrogen abundance by Stromgren’s 
method 13 leads to the following result s for “typical” stars (assuming 
helium to he practically absent): 


log M 

+1.00 
+0.50 
+0.00 
—0.50 





For the first entry, radiation pressure is important, though here 
neglected; and for the last, the limits of application of the theory are 
stretched, but the progression in the hydrogen abundance X is well 
illustrated. The deviation of the sun from standard corresponds to 
a difference in the computed hydrogen abundance {X = 0.36 in¬ 
stead of 043). 

61 . Exceptions; The Trumpler Stars .—Though these empirical 
relations hold good for all the groups of stars which have been in¬ 
vestigated, it would be unjustified to assume that it was universally 
true. There are some stars, omitted from the preceding discussion 
because the data were judged to be of inadequate precision, which 

” Phys. Rev., 55 , 434, *939 (esp. P' 450. 

,J A}. 87, 530, 1938. 
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axe very probably more massive in proportion to their luminosity. 
The remarkable eclipsing variable W Ccphci is one of these. The 
most noteworthy group is composed of the “Trumplcr stars” in 
galactic clusters, 14 for which Trumplcr has estimated the masses on 
the assump tion that the observed discordances in radial velocity 
from the mean of the cluster arise from the Einstein shift predicted 
by general relativity. 

The individual values for these stars arc subject to serious uncer¬ 
tainty. Accepting their membership in the clusters, the absolute 
magnitudes derived for them with the aid of the cluster moduli, 
and the radial velocities for the individual stars and the cluster, we 
then have from the red shift the values of m /R (which range from 
8 to 24 for the individual stars), and also the photographic absolute 
magni tudes. Assuming the effective temperature, we find Ii from 
the photographic surface brightness and then Mw>b 
Now 

J p = constant (e? i,XT — i) -1 ; 
whence, if c 2 f\T = 2, 

d log z 

d log T = x — e~‘' 

Setting X = 0.43, c, = 14,300, and T * 40,000° (Kuiper’s value for 
class 08 ), we find 

d log J p *• i.48<i log T . 


But L v = JpR 3 -, hence, 

d log R ■■ 0.74*2 log T; 

also, Zboi = R‘T a , so that 

d log Inoi - +2.52<f log T . 

Mb = -2.5 log Z| 10 i + 2 log T + 4.62 , 
if L is in solar units. Hence, if L p and M/R are given, 

dMb = —4.3a! log T , d log m ** —0.74 d log T . 


Finally, 


(it 6) 


l * Pub . A . S . P ., 4?, 254, 1935. 
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An increase in log T by o.x will therefore decrease the value of 
log m i/3 derived from the observed data by —0.025 and ■will increase 
that deduced from the mass-luminosity relation by 0.017, changing 
the residual by —0.042. This corresponds on Kuiper’s scale to a 
change of one-tenth of a spectral class and is probably of the order 
of magnitude of the uncertainty of the temperature estimates. 

The numerical data for these stars (Table 37) have been taken 
from Chandrasekhar 15 (representing values revised by Kuiper since 
the publication of his list 16 ). The sixth column gives Mi calculated 
from equation (1x6); and the eighth, Mj /3 from equation (94). The 


TABLE 37 

The Trumpler Stars 


No 

Sp. 

log M 

log L 

log Te 

Mb 

log 

Obfl. 

log M 1 /* 
Comp. 

o-c 

I . 

06 

x -74 

5.88 

4.8: 

-7.9 

0.58 

0.52 

- 

-0.06 

2. 

Og 

1.99 

4.72 

4 -S° 

-5.6 

.66 

■43 

- 

- .23 

3 . 

O7+ 

2.14 

5.60 

4.68 

- 7-5 

.72 

•Si 

- 

- .21 

4 . 

08 .s 

2. 45 

5-76 

4 . 5 S 

-8.1 

.82 

■ S 3 

- 

- .29 

5 . 

Ogw 

2-35 

s.36 

4.50 

-7.2 

.78 

• So 

- 

- .28 

6. 

Bo 

2.60 

5.04 

4.40 

-6.6 

•87 

•47 

- 

- .40 

7 . 

O9 

1.89 

4.92 

4 .SO 

— 6.1 

0.63 

°* 4 S 

H 

-0.18 

Mean. 





-7.0 

0.7s 

0.49 

+0.25 


last line contains the means (giving half-weight to the data for the 
three preceding stars, which are described by Trumpler as less 
reliable). The logarithms of the means of the individual values of 
m i/3 are given, as usual. 

The great discordance with the mass-luminosity relation for other 
stars has been pointed out and discussed by Kuiper and Chandra¬ 
sekhar. An increase in the assumed temperatures would diminish 
this; but no permissible change will remove it. 

The weakest link in the chain of reasoning which leads to these 
results appears to be the assumption that the observed red shifts 
arise entirely from the relativity effect. It is well known that almost 
all studies of the B stars show an unexplained positive If-term much 
greater than can be accounted for by relativity. The assumption 

" Stellar Structure, p. 3x3. 16 Ap. J., 88, 306, 1938. 
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that the whole if-term comes from this cause would lead to a com¬ 
parable overestimate of the masses of these stars. 

Despite this, the data afford prima facie evidence for the existence 
of “overmassive” or “undcrluminous” stars (compared with the 
previous empirical standard). The best hope of obtaining more 
specific evidence of the existence and properties of such bodies is in 
the photometric study of spectroscopic binaries of great muss, on 
the chance of finding eclipses. 

While there is thus strong evidence of the existence of stars which 
deviate greatly from the empirical mass-luminosity relation de¬ 
scribed above, the proportion of those which agree with it is so great 
that the relation may obviously safely he used as a basis for the 
calculation of dynamical parallaxes. 

For the discordant stars, the estimated masses would be too 
small and the parallaxes too great; but these bodies are so few and so 
remote that the chance of their appearing in lists of visual double 
stars showing any trace of motion is, lor the present, negligible. 



CHAPTER TV 

THE CALCULATION OF DYNAMICAL PARALLAXES 


A. GENERAL TREATMENT 

62. General Equations .—We have now to devise a system of 
dynamical parallaxes, taking into account what we may know of the 
masses of the stars, which will give results that, in the mean for im¬ 
partially selected groups, will be equal to the trigonometric paral¬ 
laxes which we have taken as our standard system of reference. 

We have, for each star, by equations (21) and (35), 

hi = u l/3 pH(i + z) , 

where m is the combined mass and p the true parallax, while E repre¬ 
sents the systematic, and z the accidental, part of the observational 
error, so that z = o. Similarly, for the trigonometric parallaxes, 

t = pT (x + *) . 

We have assumed T = x, taking the trigonometric parallaxes as 
standard, and can be sure that H is very nearly 1 for the orbits. For 
physical pairs it may be slightly greater, owing to the observational 
selection discussed and very largely eliminated in § 36. 

The values of mJ / 3 given in Table 23 have been derived from equa¬ 
tions (88) and (90), setting E — T = 1. If 27 is sensibly different 
for orbits and physical pairs, the means of the residuals 0 — C a of 
log m^ 3 from the linear formula should differ. The weighted means 
are: 



Orbits 

Peyb. Pairs 

Mean Res. 

Wt, 

Mean Re». 

Wt. 

Trigonometric parallaxes. 

+O.OOX 

7.0 

—0.005 

3.6 

Spectroscopic parallaxes. 

+O.003 

*■3 

+O.009 

2.7 

Both together. 

+O.OOI 

9.3 

1 +0.002 

5.3 
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The mean difference of o.ooi in the logarithms corresponds to 11 = 
1.003. We may therefore safely set H = 1, so that 

hi = m i ' /3 ^(i + a). 


63. Solution Neglecting Mass of Companion .—In applying this 
equation, we will first discuss the simplified case of a star attended 
by a companion of negligible mass. If M is its absolute magnitude 
and Mo the mass corresponding to this, then, according to the ac¬ 
cepted linear mass-luminosity relation, 

log m£ /3 = — a{M — A) , (117) 

where a = (2/1 s)» and A is a constant. Wc have, as in equation 

(24), , . s 

M l/s = m£ /3 (i + u) , (118) 

hi = mJ /3 £(t + «)(1 + z) . (119) 

If Mi is the absolute magnitude corresponding to hi, 

Mi = m + 5 + $ log hi = M + s log hi- 5 log p 1 

= M - sa(M - A) + 5 log (1 + w)(i + z) , / ^ I2 ° 

or 

{Mi - A) = {1 - 5 a){M - A) + S log (x + «)(* + 2) • (121) 

From equations (1x7), (tig), and (121), setting 1/(1 — 5a) = b, we 
find 

log p = log hi + ab(Mi — A) + b log (x + w)(i + z). (122) 
If 

ab{Mi — A) = log «o, (123) 

we have 

Ai»o = p{x + «)*(* + *)‘ • (124) 

Then, since u = z = uz = o, 

Ai»o = p{x + i6(i — b){u a + z J ) + . . . ,) . 
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Now, according to §§ 24, 27, and 38, 

_ _ 72 

u 2 + z 2 = — ; ZJ= 0.141 . 
ph 

Also, by equation (94), a = 0.040, w = 0.300, b = 1,250; whence 

* = -»( ,+2 s ! )- 

The values of assigned in § 12, the relative correctness of which 
has been confirmed in the course of the discussion, are 10, 2.5, and 
| for good, fair, and poor orbits, and 1, |, and 3 for physical pairs of 
the same quality. We then have 

P = BhtfTa , (125) 

where log I0 B has the values —0.0009, —0.0038, and —0.0141 for 
the three grades of orbits, and —0.0095, —0.0141, and —0.0278 for 
the physical pairs. The mean value of Bh x n a will then be statistically 
equal to that of the true parallax p, for any impartially chosen group, 
in which errors of one sign or the other in h t are not selectively 
favored. 

From equations (94) and (123) 

log n a = o.o5oo(Afi — 5.20) . 

We may set 

log »„ = log (£n a ) = o.o5oo(M, + B' — 5.39) , (126) 

where B' is +0.17, +0.11, and —0.09 for good, fair, and poor orbits, 
and 0.00, —0.09, and —0.36 for physical pairs of the same grade. 

If now we set 

d = &,«<,, (X27) 

the mean of the dynamical parallaxes d will be equal to that of the 
true parallaxes p, so long as the stars are chosen in an impartial 
manner. 
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The calibration by means of Mi - an unavoidable necessity in 
practice—therefore introduces no systematic error into the dy¬ 
namical parallaxes. The accidental errors of the double-star data, 
and also those arising from deviations from the mass-luminosity 
law, are, however, increased by 25 per cent (eq. [124]). The sta¬ 
tistical approximations for physical pairs therefore produce in the 
final dynamical parallax a probable error of ± 25 per cent. The value 
found in I (p. 97) is almost the same but varies with the absolute 
magnitude on account of the changes in n resulting from Edding¬ 
ton’s formula. 

64. Solution for Components of Comparable Mass.- The treat¬ 
ment of a pair with both components visible is simple if it is as¬ 
sumed that the linear relation between log M and M is satisfied. 
The difference in bolomctric magnitude AM gives the mass ratio, 
and it is easy to compute the change I) in the combined magnitude 
which would result if the components were combined into one mass. 

Assuming m •» cL n , let the bolomctric luminosities be and 
xLi. The masses will be Mi and M t * n ; the combined light, L 
Li(i + x)‘, the combined mass, m,(i +* n ); and the light cor¬ 
responding to a single star of this mass, V « /,,(x -f- Hence, 

since n = 2/7 (very nearly), 

D « -2.5 log - -2.5(1 log (1 + - log (x + *)} , (128) 

where AM — —2.5 log *. 

When one or both of the components are spectroscopic binaries, 
let AM denote the difference in the combined light of these pairs. 
If the brighter component is a spectroscopic binary, with two spectra 
visible, we have assumed that the mass of the companion is 0.9M1. 
The combined light will be (1 + 0.9") L, or, when n «■ 2/7,1.692 L u 
corresponding to a single star of mass 1.16211,. For the other visual 
component, if single, the light will be 1.692*/.,, and the mass 
i.i62*"m,. We then have L - 1.692(1 + x)L t . The combined mass 
is (x.900 + i.i62*»)m, or x.i62M 1 (i.635 + *"). Hence, 


D - -2.5(i log (1.635 + * 3/7 ) - log (1 + »)1 • (129) 
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When the bright component is a spectroscopic binary showing only 
one spectrum, we have assumed a mass ratio of 0.6; whence it fol¬ 
lows, similarly, that 

D = -2.5{$ log (1.531 + x? h ) - log (1 + *)} . (130) 

If the fainter component is a spectroscopic binary, we find, in the 
same way, when two spectra appear, 

D = -2.5{$ log (1 + 1.635 - log (1 + *)} ; (131) 

and if only one spectrum is observed, 

D = — 2.5{$ log (1 + 1.531 *V 7 ) — log (1 + *)} . (132) 

These equations can be obtained by substituting i/x for * in equa¬ 
tions (129) and (130). 

Allowance for the division of the mass of the system into two or 
more parts may thus be made simply by adding the correction D to 
M 1 in equation (126), obtaining 

log no = 0.0500(11/1 + B' + D — 5.39) . 

The correction D is always negative. If we set D = — 1T88 + D', 
D' will be positive for all simple pairs, and almost always negative 
when one or both components are spectroscopic binaries. We then 
have 

log re,, = 0,0500(11/! + B' + D' — 7.27). (133) 

The values of D' arc given in Table 38. 

When both components are spectroscopic binaries, showing two 
spectra, the mass of each pair is 1.9 times that of the brighter com¬ 
ponent, or 1.635 times that of a single star of the same brightness. 
To combine each pair into one star would change the magnitude of 
each by — i” 87, which must be added algebraically to the correc¬ 
tion D' for a simple pair (Table 38). When both components are 
binary and show one spectrum, the correction is — i’H' 62. The rare 
case where one component shows one spectrum and the other two, 
can be treated with sufficient accuracy by adopting the mean cor¬ 
rection— i1'74. 
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TABLE 38 

Corrections D' to m 1; Depending on Bolometric 
Magnitude Difference am 


AM 

Simple 

Pair 

Bright 
Component 
Spectroscopic 
Binary 
a Spec Li a 

Faint 

Component 
Spectroscopic 
Binary 
a Spectra 

Bright 

Component 

Spectroscopic 

Binary 

1 Spectrum 

Faint 

Component 

Spectroscopic 

Binary 

1 Spectrum 

oTo. 

0^00 

-I.05 

“1.05 

—0.89 

—o.8() 

2.0. 

+0 • 28 

— I .OO 

- 0-53 

- .82 

—0.41 

4.0 . 

+0.77 

—0.70 

+0.19 

“ -49 

+0.28 

6.0. 

+I.I7 

-O.44 

+0.78 

— .21 

+0.84 

8.0. 

+1.44 

—O.25 

+I.I 9 

- .03 

+1.24 

10.0. 

+ 1.62 

--0.15 

+ 1.46 

+ .09 

+1.48 

12.0. 

-fl .72 

—0,09 

+ 1.62 

+ .IS 

+1.64 

14.0.. 

+ 1-79 

—0.05 

+ I -73 

+0.20 

+ 1.74 


65. The Bolometric Corrections .—The corrections from visual to 
bolometric magnitude, which should be made in calculating dy¬ 
namical parallaxes, are not the ordinary values but incorporate a 
correction for the effect of the radius upon the luminosity. 

The theoretical mass-luminosity relation for homologous stars 
may be written 


L = constant mV/ 3 4 & -1 , 
where fi is the molecular weight, 

1 — B 

— 1~- = constant mV » 

and k is the mass coefficient of opacity. According to the accepted 
extension of Kramers’ theory, 

k = constant pT ~ 3 S r ~ 1 , 

where r is the “guillotine factor.” If R is the radius, we find easily 
that 


L = constant m s,s /j 7 ' 5 |3 4 A~ 0 ' s t , 
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If T, is the effective temperature, 

L = constant R 2 T* . 

Eliminating R, we have 

L = constant m. 

(The dependence of the constant upon the composition does not 
concern us at present.) 

For stars of a standard mass and composition the absolute magni¬ 
tude will be 

M = M m — 2 log (Qj - 2 log t , 

where M m is the absolute magnitude corresponding to M for the 
standard model and composition, and a standard effective tem¬ 
perature T 0 . Following Eddington, we will take T 0 = 5200°. 

If C is the ordinary bolomctric correction, 



M - M ylt + C . 

(i 34 ) 

If, also, 

Mb - M + 2 log (y) 

(i 35 ) 

and 

C' - C + 2 log (^j , To - 5200° , 

(136) 

then 



Mb = MVu + C' , M m = Mb + 2 log r . 

(i 37 ) 


Note that Mb is the quantity given in Table 23 and appearing in 
equation (92). 

The values of C' used in the present work were computed with 
Eddington’s bolometric correction 1 and the temperature scale given 
below. New values of these quantities, based on much more exten¬ 
sive material, have recently been given by Kuiper. 9 The results 

1 The Internal Constitution of the Stars , p. 139, Table 16. 

' Ap . J ., 88, 429,1938. 
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from the two sets of data are given in Table 39. Doubtful or inter¬ 
polated values are in parentheses. If the new values Ci are sub- 

TABLE 39 


Bolometric Corrections 


Sp. 

Older Values 

Kuiper 

T a 

C 

a 

T e 

c 

c & 

Cjfc+0.20 

A log 51*73 

Bo. 

23000 

— 2,17: 

-0.88 

25000 

— 2.70 

“ 1*34 

— i **4 

+0.010 

B S. 

IS000 

— 1.04 

—0.12 

* 55 °° 

“I.58 

—0.64 

-0.44 

+ .012 

Ao. 

11000 

-0.43 

+0 33 

10700 

—0.72 

—0.10 

+0.10 

+ .005 

As . 

8600 

— O.II 

+0.32 

8500 

-0.31 

+O.II 

+0.31 

.000 

Fo. 

7400 

— 0.02 

+0.29 

75 °° 

—0.16 

+0.1S 

+ 0.35 

— .002 

FS. 

6500 

0,00 

+0.19 

6500 

—0.04 

+0.14 

+ 0.34 

— .006 

dGo. 

6000 

— 0.02 

+0.10 

6000 

—0.06 

+0.06 

+ 0.26 

— .006 

dGs. 

5600 

—0.07 

—0.01 

5400 

—0.10 

—0.08 

+0.12 

— .005 

dKo. 

5100 

— 0.l6 

—0,18 

4900 

— 0 . II 

—0.17 

+0.03 

— .008 

d . 

4400 

— O.4O 

-0.5s 

4 I 5 °* 

—0.85 

“1.03 

— O.83 

+ .011 

dMo. 

3400 

- 1.14 

-*•57 

3600* 

-*•43 

-1.74 

— 1 *54 

+ .001 

dM5 




2 8 •cot 

— 3.1: 

“3.6: 

—3.4: 


gGo. 

3600 

— 0,07 

0.00 

5200 

U ■ * ■ 

-0.25 

—0.25 

“O.05 

+ .002 

gGs . 

4700 

— 0.27 

—0.36 

4600 

-0.39 

—0.50 

“O.30 

— .002 

gKo. 

4200 

“O.so 

—0.69 

4200 

“ 0.59 

-0.73 

-0.53 

— ,006 

gKS . 

3400 

“i.14 

-*•57 

3600 

“I.35 

— 1.68 

— 1.48 

— .001 

gMa. 

3100 

-i-S 3 

— x .08 

3200 

-1.95 

“2.37 

— 2.17 

+ .007 

gMS . 

(2850) 

— 2,03 

-2.ss 

2840! 

-3-4: 

- 3 - 9 : 

- 3 * 7 ! 

(+0.045) 


2700 

— 2,25 

— 2.83 






0* WJ ‘/. 








+ Kuiper gives ■■ sqoo 0 for dKs + 3200° lor dMa. Plotting the former as K6, ancl Mo a* K8, we 
interpolate these values, 
t Extrapolated. 


stituted for the old in Table 23, giving new absolute magnitudes Mk, 
and if the linear least-squares solution is repeated, we find 

log Mp = (-0.0387 ± 0.0015)3?* + 0.1954 . (138) 

The old solution gave 

log Mp = (—0.0391 ± o.oox4)Jf*+ 0.2032 . (92) 
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The coefficients of Mb and M* are substantially identical, and we 
may write 

log icF 3 — log mF 3 = —0.039 (Mk — — 0.0078 

= — 0.039(0* — C' + 0.20) . 

The change from our former constants to Kuiper’s may therefore be 
made simply by substituting C[ + 0.20 for C' and using exactly 
the old form of the mass-luminosity relation. The effect of this sub¬ 
stitution on log M* 73 is shown in the last column. The average dis¬ 
cordance (excluding the doubtful value for gMs) is ±0.005, cor¬ 
responding to 1.2 per cent, which is practically negligible. 

For the late M stars the bolometric corrections are large and 
uncertain, depending largely on band absorption in the spectra. 
The older tabular values are too small. The new values would 
diminish the dynamical parallaxes of giants beyond M2, thereby 
somewhat improving the agreement with observation (§39). For 
dwarfs of this class better parallaxes can be obtained by assuming 
that the absolute magnitude depends only on the spectral class. 3 

66. Allowance for Guillotine Factor .—The function r, which is de¬ 
fined by very complicated equations, has been tabulated by Str8m- 
gren. 4 For giant stars, log r is very nearly zero; for those of the main 
sequence, it is considerable. From Stromgren’s calculations 8 we 
have for typical and well-determined stars: 



Sun 

Sirius A 

TJ Oph br 

u Her br 

Spectrum. 

Go 

Ao 

B8 

? 3 

T. . 

5750 

11000 

13000 

18000 

M . 

+4*6 

+0.5 

—2.2 

-3*7 

MS . 

+4.7 

+1.0 

- 1.3 

— 2.6 

2 log r . 

1 -5<5 

3.12 

0.94 

0.96 

Computed. 

1.49 

I-19 

0.99 

0.88 

0-C. 

+0.07 

—0.07 

—0.05 

+0.08 




The empirical formula 

2 log r = 1. xo + 0.085.W& (139) 

3 W. W. Morgan, Ap. J., 87, 589,1938. 

< Zs.f. Ap., 4, n8, 1932; 7, 222, 1933. » Ap. J., 87, $ao, 1938. 
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represents these satisfactorily. How good it would be for the fainter 
dwarfs is unknown, as the theory for these dense stars is imperfect; 
but it is undoubtedly much better to use it than to ignore r, as has 
previously been done. 

Bethe’s approximation, 6 

t = constant p 1 ' I T^ ilA , 

is a good representation of the prevailing average conditions for 
main-sequence stars later than Ao or thereabouts. It gives 

L — constant m^V' 75 /^ -1 ' 23 
= constant j£ 3 ‘ 13 /d ,IS |8 J, * 6 2Y -M . 


The present approximation, which permits a more direct connection 
between giants and main-sequence stars, appears to be preferable 
for the purpose in hand. 

We have, then, by equation (,137), 

Mm = I.o8sJfs + 1.10 , 2 log T = 0.0 . (140) 

Now we have adopted 

log u* /3 = —0.0400 Mb + 0,2080 = — 0.0400(Aft — 5.20) ; (94) 

whence 

log W* = — 0.0369 + 0.2486 = —0.0369(10^ — 6.74) • (141) 

If we should correct the individual values of Mb for the main se¬ 
quence, adding 2 log r and obtaining M n , and then solve by least 
squares, we would obtain equation (141) exactly. Proceeding as in 
§ 63, we would have new values of a, M, A, and b in equation (122); 
but, as may readily be verified, we would arrive at exactly the same 
numerical values. This equation, and its consequences, equations 
(126) and (133), may then be applied to all main-sequence stars, 
using the bolometric corrections C', and will give correct dynamical 
parallaxes. 

4 Phys . Rev ., ss, 434, *939- 



CALCULATION OF DYNAMICAL PARALLAXES 127 


This gives for the main sequence 

log n 0 = 0.0500 (Mi + B' + D' — 7.27) . (133) 

For the giants, however, a = 0.0369, A = 6.74, n = 0.276, b = 
1.227, and ab = 0.0452. Introducing B' and D' as above, we have 


log n a = 0.0452(11, + B' + D' — 8.81) . (142) 


Note. —In strict accuracy, the values of B' and D' should have been re¬ 
calculated with the new value of n. This would change the constant in equation 
(126) by — 0T02 and the individual values of B' by +0.02, +0.01, —0.01,0.00, 
—o.ox, and —0.04, which would alter n„ in the most extreme case by 0.6 per 
cent, which is quite negligible. The values of D' were calculated with n = 0.286, 
almost midway between the two adopted values, and likewise need no change. 

The values of n 0 , given by equations (133) and (142), are as shown 
in the table below. For subgiants the values for the giants may be 
used. 



fto 


Wo 

jix+tf+zr 

M&ia 

Sequence 

Giants 

JfrhB'+D' 

Main 

Sequence 

Giants 

—6.0. 

“ 5 -o.. 

“ 4-0 . 

“ 3 .o. 

— a.o. 

— 1,0. 

0.0. 

+1.0. 

+ 3.0. 

+3.0. 

0.217 
.344 
« a 73 
■ 307 

• 344 
.386 

•433 

.486 

• 545 
0.613 

0.3x4 

.238 

.364 

• a 93 

• 33 $ 

.360 

.400 

•444 

.492 

0.546 

+ 4 -o. 

+ 5-0 . 

+ 6.0. 

+ 7 -o. 

+ 8.0. 

+ 9 *o. 

+ X0.0. 

+ XT .0 . 

+ X 2.0 . 

0.686 

0.770 

0.864 

0.969 

T .088 
1.330 

1.369 

1.336 

1.724 

0.606 

■673 

0.746 


It should be emphasized that this table assumes that the condi¬ 
tions in the star’s interior—density model and atomic composition—• 
are of the average type for main-sequence stars of the same absolute 
magnitude. 

The table of n 0 given in our original discussion 7 takes no account 
of the correction B'. To obtain comparable results from the present 

1 A.J., 38, No. 897, p. 98, 1928, Table B. 
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table, we should set B' = +0.19 (the value for a perfectly accurate 
orbit). We then find for the ratio « 0 (new)/» 0 (old) the following 
values: 


M z . 

-3.0 

— 1.0 

1.0 

3-0 

5.0 

7.0 

s>.o 

zz.o 

Main sequence.. 
Giants 

1.660 
1.581 

I 170 
1.089 

1.002 

O.914 

m 

0.996 

0-853 

1.030 

1.096 

1.167 






The differences arise from the curvature of Eddington’s relation, on 
which the old values were based. Between M z = o and M t = 7— 
that is, for a large majority of the main-sequence stars—the average 
difference, regardless of sign, is ±3.2 per cent. For the bulk of the 
giants the new values of n a are smaller than the old, since allowance 
for the function t makes the luminosity less for a given mass. 

If M z < —1, the new values of n 0 are much larger than the old. 
This is an advantage, for almost always, in practice, when M z comes 
out very bright, this arises not from extreme luminosity of the stars 
but from unusual diminution of the apparent separation or motion 
of a physical pair by foreshortening. In such cases the assumption 
of the large value of the exponent n, which is theoretically to be 
anticipated for great luminosity and mass, does harm. 

67. Estimation of Spectra of Unobserved Components .—When the 
visual magnitudes and spectra of both components have been ob¬ 
served, their separate bolometric magnitudes, the combined bolo- 
metric magnitude, and the bolometric AM can be calculated. But 
the spectra of the companions of the great majority of double stars 
are unknown. In this case we may plot the values of C' against the 
absolute visual magnitudes M a (Table 1) and obtain a mean curve 
giving the relation of the two. Given the spectrum of the brighter 
component, we may find from this curve what difference AC' may 
be expected to correspond to the observed visual Am (when both 
stars are on the main sequence or are giants). Then 

AMboi = Awvi, “h AC '. 

In many cases only the spectrum of the combined light is known. 
No significant error will be committed by taking this as the spec¬ 
trum of the brighter component. 
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Much time may be saved, for a large number of stars, by con¬ 
structing a diagram see (Fig. 4, p. 137), in which the co-ordinates are 
spectral type and Am^, and the contours are drawn for specified 
values of AC'. 

For the giants, whenever Awv ls is considerable, the fainter. com¬ 
ponent is always of early type—for which C' is small; while for the 
bright star, C[ is often negative and large. It has therefore been 
assumed here that C' = o for the companion whenever Am™ > i m , 
so that A C' = — Cj. When Am < i m , it has been assumed as a 
rough approximation that AC' = — CjAmvu- 

The determination of Ailfboi and that of the correction D' may 
be combined in a single step, by constructing new contour diagrams, 
in which spectral type and visual Am are co-ordinates, and contours 
are drawn for D'. The preparation of these diagrams (Figs. 3a and 
3&, pp. 134 and 135) presents no difficulty. The discontinuity in the 
upper part of that for the giants corresponds to the change in the 
formula for AC' when Amyi s = i m . 

These diagrams were prepared with provisional values of Am and 
C', differing slightly from those finally adopted; but the corrections 
which they give will be substantially the same, except for late M 
spectra—for which the corrections themselves are uncertain. 

Similar diagrams could be prepared for the cases when a com¬ 
ponent is a spectroscopic binary, but did not appear to be worth the 
trouble. 

In this case Amvia is to be taken as the observed visual-magnitude 
difference between the telescopically observed components (regard¬ 
less of whether they are spectroscopic binaries or not). The cor¬ 
responding bolometric difference AJkfboi may be obtained with suf¬ 
ficient accuracy by adding C', determined as above. 

68. Faint Stars with Unknown Spectra. —For some faint pairs the 
spectral type is unknown. Rough values of the dynamical parallax 
may be found for these by estimating the spectrum from the ob¬ 
served value of ikfi(vis). 

From (17) and (120) we find 

Afi(vis) = m -f 5 + 5 log A, = Af'i(vis) + A , 

where 

Jlf£(vis) = Mo + s + s log h' t , A = m — m . 
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From the data of Table 18 (using the groups with trigonometric 
parallaxes), we find: 


Group 

Mean Sp. 

Mi (vis) 

Group 

Mean Sp. 

Mi (via) 

Group 

Mean Sp. 

Mi (vis) 

P. 

B2.8 

0.8 

0. 

F3.7 

3-9 

P. 

G9.S 

5-4 

P. 

A1.3 

1.8 

P. 

F4.7 

4.0 

P. 

K4.7 

7.2 

0. 

A2.1 

2.4 

0. 

F9.8 

4-8 


Kj.i 

6.8 

0. 

A9.5 

3-4 

P. 

F9.9 

4-9 


Mi.5 

9 -S 

p. 

Fo.o 

3*2 

0. 

G7.4 

5-9 


M2.9 

10.6 


These data give a smooth curve from which the spectra correspond¬ 
ing to given values of Mi (vis) may be read. They are given in Tabic 
44 (p- 139)- 

For main-sequence stars, with M[ fainter than +3, this should 
give a fairly good estimate of the spectrum, and so of d. 

For the 55 giants (with trigonometric parallaxes) in Table 18, 
the mean spectral class is G9.1; the mean M 0 = +0.5; and M[ = 
+1.4—corresponding to a main-sequence star of class B9. For the 
latter the correction C' is +0.19, while for gG9 it is —0.62. Taking 
the typical values B' =0, D' = +0.5, we have for the giant 
Mi + B' + D' = +1.3; while, if treated as a dwarf, it is +2.1. 
The corresponding values of «„ are 0.458 (giant) and 0.551 (main 
sequence). This rough method will therefore estimate the values 
of d for giants about 20 per cent too great—more for the redder 
stars. Very few true giants, however, for which the relative motion 
can be reliably detected by the available observations, will be so 
faint that their spectra have not been observed. 

For these faint stars the tendency of observational selection to 
favor the “interesting” pairs (§ 14) is a much more serious source of 
error. 


B. PRECEPTS FOR CALCULATING DYNAMICAL PARALLAXES 
69. Instructions for the Computer: 

1. For each system the following photometric and spectro¬ 
scopic data are required: 

Visual magnitude, m, corresponding to the combined 
light; 

Difference in visual magnitude Am; 
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Spectral class, of the brighter component, or of the com¬ 
bined light; 

Information whether either component is a spectroscopic 
Unary, and, if so, whether one or two spectra are visible. 

It is desirable, but not necessary, to know the spectral 
class of the fainter component. 

When the spectrum is unknown, an approximate value 
may be found, as described in Precept 10. 

2. The necessary double-star data are either— 

A. The period P (in years) and mean distance a" (in 
seconds of arc) for pairs for which orbits are available; 
or 

B. The apparent distance 5 in seconds of arc and relative 
motion w (in seconds of arc per year), for slow-moving 
physical pairs, for which reliable orbits cannot be com¬ 
puted. 

The hypothetical parallax h t is then given by the 
equations 

4N . a" 

^ pa /3 1 

B) hi = 0.418. 

Grading the orbits as “good,” “fair,” or “poor” is a 
matter of.judgment. The number and accuracy of the 
observations, the length of the observed arc, and the 
possible uncertainties of quadrant must all be considered. 
Orbits for which only the elements have been published, 
without a detailed comparison with the observations, 
can therefore not be graded and should usually be re¬ 
jected, and the system treated as a physical pair. 

3. To find j and w for a physical pair: 

Plot the observed position angles 6 and distances s sepa¬ 
rately against the time. Draw straight lines to represent 
these data—or curves, if straight lines are inadequate. 
From these lines—or the tangents to the curves—determine 
the yearly variations, dd/dt and ds/dl, at a suitable epoch 
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(the same for both). In the absence of curvature, this 
should be the mean epoch of the observations—otherwise, 
some date at which the motions are best defined by the 
observations. 

Read the values of s and 6 at this epoch from the plots. 
Then 



where 


id' 

it 


id 

— 0.0056 sin o sec 5 


(the last term being the correction for precession). 8 

Knowledge of the relative weight of the observations is 
essential for drawing the “best’' lines or curves. 

The grading of these values of h z is again a matter of 
judgment. A determination may be called “good” if the 
adopted lines or curves for both B and j arc determined by 
the plots with little or no freedom of choice; moderate lati¬ 
tude is “fair”; and considerable uncertainty, “poor.” 

4. When h t has been found, calculate Af,(vis) by the equation 

M t (v is) = w + 5 + 5 log A x . 

Giants and main-sequence stars are now to be separated. 
“Giants” (from the standpoint of the present tables) include 
stars of classes Go-Ko with Aft (vis) brighter than 3^0, and 
of classes Ki-Mx with Aft(vis) brighter than 4™o. All others 
are reduced by the “main-sequence” tables. 

5. Find the bolometric value of Mr by the equation 

Mr = Aft (vis) + C '. 

Take C from Table 40 with the spectral type of the brighter 
component (or of the combined light) as argument. 


8 For convenience of tabulation the quantities ds / dt , dO / dt , and w given in our 
earlier publications are centennial motions. 
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6. Take the correction S', depending upon the grade assigned 
to the pair, from Table 41. 

TABLE 41 



Good 

Fair 

Poor 


B ' 

B ' 

B * 

Orbits. 

+0.17 

+0.11 

—0.09 

Physical pairs. 

0.00 

—0,09 

—0,36 


7. Find the quantity S', as follows: 

A. When only one spectrum is known, and neither com¬ 
ponent is a spectroscopic binary, read S' from Figure 
3»'or Figure 3 b, finding the point with the spectral 
class as horizontal and Aw (vis) as vertical co-ordinate, 
and reading the value of S' from the contours. Separate 
dia g r am s are given for giants and main-sequence stars. 

B. If both spectra are known, find AM(bol) by the equation 

AM(bol) = Aw (vis) + C', - C' b , 

where C' and C& are the values taken from Table 40 for 
the spectral classes of the fainter and brighter compo¬ 
nents. Then take S' from Table 42, with argument 
AM(bol), using the appropriate column according to the 
presence or absence of spectroscopic binaries. If both 
components are spectroscopic binaries, take the value of 
S' from the column for a simple pair, and add, alge¬ 
braically, the correction —i” 87, —1.74, or —1.62, ac¬ 
cording as both, one, or neither of the components show 
two spectra. 

C. If the spectrum of the fainter component of the visual 
pair is not known but the brighter is a spectroscopic 
binary, use the equation 

AM(bol) = Aw(vis) + AC'. 

When the brighter component belongs to the main se¬ 
quence, read AC' from the contour diagram, Figure 4. 
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When the brighter component is a giant and Am(vis) > 
x m , take AC' = —CL; if Am(vis) < i m , take AC' = — C' b 
Awt(vis). With this value of AM(bol) proceed as in (B), 
above, to find D'\ 


TABLE 42 

Corrections D' to Mi, Depending on Bolometric 
Magnitude Difference am 


^(bol) 

Simple 

Pair 

Bright 
Component 
Spectroscopic 
Binary 
a Spectra 

Faint 

Component 
Spectroscopic 
Binary 
a Spectra 

Bright 

Component 

Spectroscopic 

Binary 

1 SpocLrum 

Faint 

Component 

SpccLroscoplc 

Binary 

1 Spectrum 

0^0... 

o’Voo 

-1.05 

- 1.05 

—c 

.89 

—0.8q 

o.S..- 

+0.02 

— I.IO 

—0.98 

— 

*93 

—0.82 

l.o... 

+0.08 

— 1.09 

—0.86 

— 

•92 

—0.71 

1 . 5 -.. 

+0.17 

— I.06 

—0.69 

— 

.a? 

-o.s 7 

2.0.., 

+0.28 

— 1.00 

- 0.53 

— 

.82 

— 0.41 

2.$,.. 

+0.40 

-O.93 

-0.34 

— 

• 74 

— 0.23 

3 . 0 ... 

+0.S2 

—0.85 

—0.16 

— 

.66 

— 0.05 

3 . 5 .“ 

+O.64 

-0.77 

+0.02 

— 

*57 

+0.11 

4 . 0 ... 

+O.77 

— 0.70 

+0.19 

— 

*49 

+0.28 

4 - 5 * • • 

+0.88 

— 0.63 

+ 0.35 

— 

*42 

+Q -43 

5.0.. J 

+0.99 

- 0-57 

+0.50 

— 

*35 

+o.S 7 

5 • 5 * • - 

+1.07 

—0.50 

+0.64 

— 

.27 

+0.72 

6.0., 

+1.17 

-0.44 

+0.78 

— 

.21 

+0.84 

' 6,5... 

+*.s >4 

-0.39 

+0.90 

— 

.16 

+0.96 

7.0,.. 

+*■ 3 * 

’-0.33 

+1.00 

— 

.11 

+1.06 

8.0... 

+ 1-44 

-0.25 

+1.19 

— 

.03 

+1.24 

9.0,.. 

+X.SS 

— 0.18 

+1-35 

+ 

.04 

+X.40 

10.0,.. 

+1.62 

-0.15 

+1.46 

+ 

.09 

+X.48 

xi.o,.. 

+1.67 

— O.II 

+ 1 -55 | 

+ 

*13 

+*■59 

12.0... 

+ 1.72 

—0,09 

+1.62 

+0.X5 

+ 1.64 


8. Having found Mi, B', and D', enter Table 43 with argument 
(Mi + B' + D') (using the appropriate column for main- 
sequence or giant stars), and find n 0 . 
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TABLE 43 


Mi+B'+D' 

n 0 

Mx+B’+iy 

no 

Mi+B’+D’ 

no 

M.S. 

Diff 

Gianta 

Diff 

M.S, 

Diff 

Giants 

Diff 

M.S. 

Diff 

—6.0. 

O.217 

0,214 

+0.5.... 

0459 

0,421 

4- 6.0... 

0.864 


13 

12 


27 

23 


51 

- 5 - 5 ... . 

.230 

.226 

+1.0.... 

.486 

•444 

+ 6. S ... 

0.915 


14 

12 


29 

23 


54 

"S*o. 

.244 

.238 

+1.5.... 

.515 

.467 

4 " 7.0... 

0.969 


14 

12 


30 

25 


58 

- 4-5 . 

.258 

. 250 

+ 2.0, . . . 

-545 

,492 

4 - 7.5... 

i .027 


15 

14 


32 

27 


61 

- 4-0 . 

• 273 

.264 

4 - 2 . 5 .... 

•S 77 

.319 

+ 8.0... 

x ,088 


16 

14 


35 

27 


64 

- 3*5 . 

. 289 

,278 

4 - 3.0 - 

.612 

.546 

+ 8.5... 

1.152 


18 

15 


„ 36 

29 


68 

- 3 - 0 ... . 

.307 

<293 

4 - 3-5 — 

.648 

■575 

4 - 9-0... 

1.220 


18 

15 


38 

3 i 


73 

-2.5. 

.325 

> 3 °S 

+4.0— 

.686 


+ 9 - 5 .-. 

1.293 


19 

17 


4 i 

33 


76 

— 2.0. 

■344 


4 - 4-5 - 

.727 


4“IO.O. . . 

i. 369 


20 

17 


43 

34 



— 1 .5.• 

.364 


4 - 5 - 0 . 

-770 

•673 




22 

18 


46 

36 



—1.0... 

.386 

.360 

+ 5-5 - 

.816 

■709 




23 

20 


48 

37 



—o -5 . 

.409 

.3X0 

+6.0.,., 

0.864 

0.746 




24 

20 






0.0. 

0.433 

0,400 







26 

21 







TABLE 44 


Jlfi (vis) 

Sp. 

1 ft (vis) 

Sp. 

0.0. 

B2 

4 - 6.0. 

Ko 

-*j"X ,o. 

B7 

7.0. .•. 

K5 

2.0. 

A2 

8.0.. 

Mo 

3,0. 

A 8 

9.0. 

M2 

4,0 . 

F S 

4 -XO.O. 

M3 

4-5,0. 

g 3 



. 
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9. The dynamical parallax d is then given by 

d = n Q h 2 . 

10. When the spectral type of the star is unknown, a rough 
dynamical parallax may be found by assuming that it be- 

TABLE 45 


Calculation of Dynamical Parallaxes 


ADS. 

433 

1798 

996 

6263 

m . 

10.3 

8.9 

s.18 

s.81 

Am . 

3 *° 

0.8 

0.92 

0-3 

Spectrum. 

M3 

GS 

As. F6 

Ao 

Spectroscopic bina- 





ry notes........ 



b, d 

b 


2.65 

2.28 

23.60 

1.30 

w . 

0.118 

O.OOII3 

0.00302 

0.00462 

hx . 

0.139 

0.0060 

0.025 

0.0127 

Grade. 

f 

P 

f 

g 

AM (bol). 



0.78* 

0. a 4 

jjdfi(vis). 

11.02 

2.80* 

2.17 

1-33 

C f (Table 40). 

-2.5 

-o-3S 

+0.32 

+0.23 

Mx . 

+8.52 

+ 2.45 

+2.49 

+1.56 

B' (Table 41). 

—0.09 

— O.36 

—0.09 

0.00 

iy . 

+0.23 1 

+0.I0 1 

-i-S7 5 

—0,91* 

Jf.+S'+D'. 

+8 66 

+2.19 

+O.83 

+0.65 

n 0 . 

1.174 

0.502 

0.476 

0.466 

d . 

0.164 

0.0030 

0.012 

0.0059 


NOTES TO TABLE 45 

b. Brighter component spectroscopic binary, 1 spectrum visible, 
d. Fainter component spectroscopic binary, 1 spectrum visible. 

* Reduced as giant 
1 From Fig. 3. 
a From Table 40. 

3 +0.05 (Table 42); —1.62 (p. 136). 

4 From Fig, 4. 

s From Table 42. 

longs to the main sequence and by using the correlation be¬ 
tween the mean values of JW£(vis) and the spectral type 
(§ 68). We have 


2 fJ(vis) = Jkfi(vis) — m + mb , 
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where mt is the apparent magnitude of the brighter com¬ 
ponent. With ilfj(vis) as argument, the estimated spectrum 
may be taken from Table 44; and the calculation proceeds 
as described under (5). 

As an illustration of the method, the essentials of the 
calculation for a few cases of different types for which the 
data may be found in Tables 46 and 53 are given in Table 
45. The notes appended should make the process clear. 



CHAPTER V 

GENERAL CATALOGUE OF DYNAMICAL PARALLAXES 

The development of the improved method for determining dy¬ 
namical parallaxes (chap, iv) clears the way for the preparation of a 
general catalogue based upon a uniform treatment of all available 
material. 

The four existing catalogues 1 are very nearly homogeneous—since 
Finsen deliberately adopted the methods used in the other three; 
but the new calibration introduces certain refinements and should 
give better results for the stars of high luminosity. 

A. SUMMARIES OE OBSERVATIONAL DATA 

70. Double-Star Data .—In any general discussion or catalogue 
based on the collation of the observational data available at the time 
of its preparation, it is the obvious duty of the authors to place on 
record, as far as possible, what data have been used and how they 
have been corrected and weighted. 

It is obviously impracticable to reprint the individual double-star 
measures—most of which are to be found in the catalogues of Bum- 
ham, Aitken, and Innes. When orbits have been published, the 
observations are practically always given by the computers; these 
may be found in the references listed at the end of Table 52. These 
orbits have been adopted as published, leaving the matter of rejec¬ 
tion of discordant observations, etc., to their authors. The judgment 
of the present writers has been exercised in the selection oE the best 
available orbit and the grading of its quality, or sometimes in the re¬ 
jection of a poor orbit, leaving the star in the list of “physical pairs.” 

For the great number of slow-moving pairs we have been obliged 
to confine ourselves to tabulating the adopted values of the relative 
positions and motions at a given epoch which have been used in 
calculating the dynamical parallaxes in our General Catalogue. For 
the majority of these the data already published 3 were found to re¬ 
quire no change, and reference may be made to these papers. All 
cases in which the previously published values have been altered are 
listed in Table 46. The columns contain, respectively: the ADS 

1 A.J., 39, No. 930, pp. 165-207,1939; Lick Obs. Bull., Nos. 451 and 485,1933 and 
1937; Union Obs. Cite,, No. 93, p, 139, 1935. 

• Ibid. 
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TABLE 46 



* Alio ADS 440 

t Polaris. Moan values of 0 have boon corrected for precession. 
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TABLE 46 —Continued 
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TABLE 46 —Continued 


ADS 

E 

6 

id 

100 it 

s 

ds 

100 it 

100 w 

7046. 

05 

349-2 

- 2?6 

of 79 

-o?io 

0 r« 

7049 . 

75 

99 

- 19 

1.68 

+0.50 

0,76 

7050. 

00 

148 

— 60 

0.66 

+1.14 

1.34 

7118. 

75 

73.2 

+ 2.5 

2.56 

-0.57 

0.58 

7 IS 2 . 

00 

261.2 

+ 16.0 

1.08 

—0.10 

0.31 

7187. 

75 

200 0 

- 0.9 

7.39 

+0.48 

0.51 

7198. 

75 

141.2 

7 

6.79 

+0.70 

i -37 

72 is. 

80 

60.8 

+ 7.0 

1-43 

0.00 

0.17 

7251 . 

75 

59 

+ 25 

19-3 

-1.6 

8.4 

7570. 

00 

222 

- 26 

i .45 

+0.24 

0.71 

7281. 

75 

19.4 

+ 6.3 

5-73 

+0.24 

O.64 

7276. 

00 

129 

+ 34 

2.37 

—0.42 

I .46 

7292. 

75 

237-5 

- 7.3 

2.85 

+0.21 

0.44 

7303. 

85 

120 

+ 15 

5.60 

0.00 

I .41 

7307 . 

75 

149 

+ 66 

1.65 

-0.31 

1.92 

7354. 

70 

311.6 

+ 1.2 

S- 6 7 

0.00 

0.06 

7441. 

20 

33-5 

“ 13.3 

4 - 2 S 

—10.0 

10,02 

7 Soo. 

70 

140.8 

— 2,2 

3.58 

+0.67 

O.69 

7 S °3 . 

75 

313.5 

“ 4.4 

5.13 

+0.16 

O.46 

7551 . 

80 

316 

- 29 

2.02 

+0.84 

1-34 

7566 . 

75 

294.4 

- 4.1 

I 96 

+0.10 

0.20 

7613. 

85 

267 

- 9 

0.97 

+0.20 

0.26 

7632 . 

75 

227.6 

- 1*4 

1.08 

—0.13 

0.13 

768 s. 

80 

no 

- 32 .5 

O.92 

—0.24 

O.58 

769 S. 

75 

260.4 

- i .4 

2.39 

—0.07 

0.10 

77 IS. 

70 

330.7 

+ 0.6 

4.42 

+0.12 

0.12 

7731 . 

80 

72.5 

7 55 

1 .31 

+0.37 

1.32 

7734 . 

75 

111.5 

+ 16.8 

3.25 

+1.6 

1,86 

7738 . 

90 

178 

- 34 

I.8l 

+0.24 

I.II 

7802. 

80 

120 

- 27 

I.84 

-0.35 

0.95 

7827. 

75 

158.5 

+ 3.8 

4.91 

+0.37 

0,48 

7833 . 

75 

124,6 

— 1.2 

4-36 

+0.09 

0,14 

7837 . 

75 

158.4 

7 3.5 

2-45 

—0.24 

0.20 

7860. 

80 

3145 

+ 13.5 

3.10 

-0.86 

1,12 

7878. 

75 

166.7 

- 2.9 

3*36 

+0.12 

0.22 

7926 . 

80 

195 

- 25 

0.44 

+O.29 

0.33 

7929 . 

85 

328 

7 51 

0.79 

+0.19 

0.74 

7930 . 

75 

197.0 

+ 1.0 

6.64 

+0,35 

O.36 

7936 . 

75 

359 

+ 12 

2.10 

+0.41 

O.60 

7979 . 

80 

105.8 

+ 5-8 

6-33 

+0,22 

0,66 

8043. 

80 

285 

+ 15 

1,14 

+0.14 

0.33 

8047. 

05 

226 

+ 20 

0.47 

+0.50 

0.53 

8083. 

85 

264.5 

- 0.8 

35-84 

— I.70 

1.80 

8ioot. 

85 

299.0 

+ 18,0 

7*35 

— 1.40 

2.71 

8102. 

75 

237.8 

— , 1.0 

0.61 

-0.14 

0,14 


tPair AC. 
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TABLE 46 —Continued 
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TABLE 46 —Continued 


ADS 

E 

HI 


■ 

s 

ds 

100 dt 

100 w 

9338. 

75 

I02?0 

+ 

5?7 

S ‘-&9 

0T00 

o?6 3 

9387. 

00 

247 

+ 

50 

1.48 

+ 1.00 

1.64 

9396 . 

00 

342.5 

+ 

30 

1.66 

+0.88 

1.25 

9453 . 

00 

316 

+. 

40 

0.92 

+0.24 

0.70 

9493 . 

75 

346-9 

+ 

0.7 

9.84 

+0.44 

0.48 

9497 . 

00 

304 

— 

34 

1.65 

+o.S 4 

1.11 

9507 . 

75 

210-7 

+ 

1.3 

4.20 

4 - 0.48 

0.50 

9517 . 

95 

37-6 

— 

2.6 

3 . 8 i 

- 1.24 


9535 . 

75 

9-8 

— 

o *5 

24.60 

— O.84 

O.84 

9553 . 

8S 

257 -° 

— 

7 -i 

1.22 

— O.76 

0.77 

9554 . 

80 

X28.3 

+ 

9.0 

0.89 

+0.14 

0.20 

9586 . 

OO 

322 

— 

36 

1.04 

- 0-54 

O.84 

9580. 

IS 

171.4 

— 

3.4 

13.27 

+0.23 

0.73 

9584. 

75 

39 -o 

— 

4,0 

xo-SS 

+0.98 

l.l8 

9630. 

80 

228.0 

— 

9.2 

1.50 

— 0.23 

0.32 

9639. 

80 

313 

— 

38 

I.64 

+0.20 

1.09 

9728. 

75 

188.0 

+ 

0.6 

11.90 

+0.17 

0.28 

9727. 

80 

293.0 

+ 

3-7 

4 -SS 

4 - 0.58 

O.67 

9696. 

75 

82.0 

— 

2-5 

30.58 

+0.90 

0.91 

9737. 

80 

302.3 

+ 

3 .o 

6.20 

+0.26 

0.47 

9751 . 

00 

99.9 

+ 

4.6 

2.40 

- 0,34 

O.4O 

9758 . 

o 5 

362 

4 - 

19 

0.52 

+0.04 

0.18 

9843. 

80 

333 

+ 

16 

5.77 

+ 0-34 

1.70 

9850. 

80 

262.5 

— 

7-5 

2.72 

-O.44 

0-55 

9880. 

90 

137 

+ 

50 

0.80 

+O.38 

0.80 

9853 . 

80 

US. 7 

— 

4.2 

1.35 

—0.14 

0.14 

9930. 

75 

67.4 

+ 

4.0 

2.52 

+0.22 

0.30 

9951 . 

00 

363 

+ 

2 

0.85 

+O.60 

O.60 

9951 §. 

00 

48.0 

4 - 

7.0 

2.10 

+0.24 

0-37 

9958. 

85 

262.5 

+ 

2>5 

5.43 

4-o.l8 

0*34 

9966. 

80 

X 35 

+ 

10 

2.68 

—0.26 

O.56 

9974 . 

80 

230 

— 

10 

1.70 

+0.26 

O.38 

10032. 

80 

361 

— 

10.5 

1.10 

+ 0.13 

0.22 

10058. 

80 

142.5 

— 

2.5 

5*0 

+O.9 

O.gi 

10070. 

75 

211 

— 

15 

i*i 3 

+0.20 

0.35 

10105. 

70 

195.0 

+ 

0.8 

16.3s 

+0.30 

0.53 

IOIII. 

85 

152 

— 

20 

0.88 

+0.04 

O.3O 

10129. 

75 

114 

— 

7.5 

3.6s 

—0.23 

O.48 

10140. 

00 

220 


540 

0.30 

0.00 

I.89 

10171. 

80 

290.3 

— 

2.0 

S .78 

+0.05 

0.15 

10169. 

75 

305 

+ 

7 

I. II 

-0.13 

0.20 

10193. 

80 

85.5 

— 

5.7 

2.11 

—0.04 

0,19 

10225. 

75 

38.4 

+ 

3-2 

5.48 

—0,30 

0.47 

10260. 

75 

67*5 

+ 

3 *° 

3.32 

—0.05 

0.15 

10294. 

85 

55 

+ 

7.0 

o.S 7 

+0.14 

0,16 


| Pair CD. 
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TABLE 46 —Continued 


ADS 

E 

6 

IOO 

d$ 

dt 

■ 


IOOW 

12129. 

80 

I 23?6 

+ 

i °3 

8*00 

+o? 9 ° 

o ?94 

12228. 

75 

327 

+ 

17-5 

i .44 

+0.27 

0-53 

12239. 

85 

154 -8 

+ 

4.0 

0.84 

+0.10 

0.12 

12246. 

80 

213 

+ 

17 

1.11 

+0.10 

0.36 

12289. 

80 

10.0 

— 

3-5 

3- 2 5 

“0.12 

0.21 

12287. 

00 

126.2 

+ 

4.0 

X.80 

“O.42 

0.44 

12288. 

08 

36.2 

— 

7-5 

O.69 

+0.50 

0.51 

12322. 

75 

66,0 

— 

1.2 

12.12 

-0.05 

0.15 

12296. 

80 

340 

— 

17 

0.94 

+0.77 

0.81 

12414. 

80 

316.9 

+ 

8.0 

2.21 

— 0.04 

0-33 

12449. 

75 

234.1 

— 

1-5 

1.90 

-0.25 

0.25 

12540. 

80 

55.2 

— 

0.9 

34-48 

+0.23 

0.29 

i256i§. 

80 

52.5 

+ 

0.6 

6.00 

-0.15 

0.20 

13594. 

12580. 

75 

80 

148.0 

254.4 


2.2 

0.0 

11.46 

0.00 

+0.28 

0.15 

0.32 

12623. 

85 

144 

+ 

30 

0.60 

+0.14 

0.3s 

12638. 

85 

231.9 

+ 

6.0 

2.69 

+0.13 

0.34 

12679. 

75 

208 

— 

20 

1.10 

“0,20 

0.42 

12667. 

8 5 

41 

— 

14 

0.87 

+0.20 

0.28 

12697. 

80 

42.7 

+ 

0.6 

6.68 

“0.26 

0.29 

12687. 

75 

287.8 

+ 

2.9 

1.3° 

+0.07 

0.11 

12715. 

80 

3 i 9 

+ 

7 , 

3-65 

+0.20 

0.52 

12008. 

80 

21.5 

— 

2.6 

n -35 

+0.09 

0.09 

12789. 

75 

28.1 

— 

2.7 

18.15 

+0.20 

0.58 

12815. 

85 

135.2 

— 

2.0 

38.05 

+ 1.40 

1.61 

12850. 

95 

294.2 

— 

8.0 

0.51 

-O.44 

0.44 

12851. 

80 

195.0 

— 

40 

0.95 

+0.23 

0,24 

12913. 

12966. 

75 

05 

72 .0 

31* 


2.8 

8 

25.80 

O.79 

+0,18 
+0.06 

1.01 

O. T2 

13028. 

00 

318 

— 

56 

0.77 

—0.18 

O.77 

13149.. 

00 

208.2 

— 

6.6 

7.46 

+1.78 

I.94 

13186. 

85 

305 

— 

42.5 

0.38 

—0.06 

0.29 

13196. 

75 

134.3 

+ 

5 -° 

I.19 

0.00 

0.12 

13236. 

00 

155.8 

“ 

18.8 

1-47 

—o.a8 

0-55 

13256. 

70 

349-9 


0,0 

4.60 

“0,40 

O.4O 

13251. 

00 

243 

— 

21 

3.08 

+1.00 

1.49 

13307. 

80 

IIS-I 

— 

0.8 

5-45 

+0.35 

0-35 

13334. 

00 

166.4 

+ 

14.0 

1,62 

0.00 

O.4I 

I 33§3 . 

75 

339-5 

— 

3.2 

4‘56 

+0.21 

O.30 

13371. 

80 

22,5 

“ 

9-5 

5.19 

+0.S6 

0.92 

13434 . 

13442.. 

80 

75 

13.1 

327.0 

+ 

0.9 
1.1 

5.9 

11. $o 

“I .0 

+0.25 

1,00 

0.41 

13473 . 

80 

278.4 

— 

2.1 

4 . 5 i 

+0.02 

0.12 

13449 . 

80 

265 

— 

35 

0,32 

0.00 

0.X9 

13S60. 

80 

120 


14 

5.40 

^0.10 

1.26 
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TABLE 46 —Continued 


ADS 

E 

0 

i6 

T00 3 i 

s 

ds 

100 it 

10010 

13649. 

05 

211° 

4 “ 

38 ° 

o ? 7 7 

+o?i6 

o -54 

13648 . 

00 

63.9 

— 

3-6 

5-88 

+0.14 

o .35 

13692. 

80 

339-5 

— 

3-8 

3.14 

+0.53 

0.56 

I 37 SO. 

80 

291 

+ 

27 

0.90 

—0.22 

0.48 

13767 . 

80 

332.0 

— 

5.0 

2-37 

—0.10 

0.23 

13830 . 

00 

196.0 

— 

2.0 

1.35 

+o. 26 

0.26 

13920 . 

OO 

345-2 

+ 

3-6 

0.88 

+0,22 

0.24 

13986 . 

OO 

45 

— 

52 

o .59 

— 0.20 

0.37 

14004. 

80 

303.7 

— 

2 O 

4.24 

+ 0-33 

0.37 

I 40 S 4 . 

80 

194.0 

+ 

2.2 

9-38 

0.00 

0.44 

14126 . 

80 

20 

— 

19 

0.67 

+0.18 

0.28 

14206. 

80 

182.5 

— 

S-o 

3.92 

+0.19 

0.37 

14233 . 

80 

96 

+ 

23 

1.30 

— 0,20 

0.57 

14280. 

00 

278 

— 

30 

1.62 

+O.46 

0,96 

14239 . 

80 

61.5 

+ 

8-3 

6.40 

— O.40 

1.09 

14286. 

05 

224.7 

+ 

19 

1.24 

+0.30 

0.52 

14293 . 

00 

187.9 

4 * 

8-4 

x .55 

— 0.20 

0.31 

1429s. 

83 

95 -o 

“ 

30 

9-99 

+ 0.26 

0.50 

14377. 

OO 

61.2 

— 

4-2 

2.87 

+0.28 

0.34 

14370 . 

OO 

28.0 

+ 

12.0 

0.70 

+O.64 

0.66 

14397 . 

85 

32.5 

— 

8.0 

0.67 

+0.10 

0.13 

14420. 

80 

35-8 

— 

12.8 

1.70 

“0.15 

0.40 

X 4504 . 

75 

31-7 

— 

5.0 

1*93 

—0.09 

0.17 

14336. 

80 

222.5 

— 

4.8 

2.70 

+0.10 

0,23 

14338. 

75 

288 

4 " 

27 

0.99 

+0,16 

0.50 

14369. 

80 

260.0 

4 * 

4-7 

4.60 

+0.15 

0.44 

14590 . 

00 

109.8 

+ 

36 

4.78 

0.00 

0.34 

14600. 

OO 

25T.6 

— 

6.0 

1.06 

0.00 

0.10 

146021|. 

05 

X 57 

+ 

44 

0.90 

— 1.00 

X . 22 

14702 . 

95 

274.2 

— 

5-4 

2.28 

+0.67 

0.70 

14804. 

75 

171.1 

— 

1 *4 

3.xo 

—0.24 

0.25 

24847 . 

00 

237.5 

+ 

36 

2.9 

+ 2.5 

3.XI 

14856. 

75 

184.7 

H- 

1.0 

2-55 

+0.34 

0-35 

14894. 

85 

208 

+ 

24 

0.61 

+0.X0 

0,28 

14864. 

80 

45.2 

■— 

2.9 

4.58 

+0.09 

0,20 

14889. 

80 

50 

— 

37 

x .53 

+0.95 

1.36 

14878. 

80 

1x6.3 

— 

0.8 

6.12 

+0.46 

0.46 

14977. 

80 

2x5.5 

+ 

3 .o 

3.35 

+0.38 

o .43 

15026. 

OO 

128 

— 

18 

X.I 2 

0.00 

o .35 

15060. 

75 

10.0 

— 

1.0 

3-86 

—0.07 

0.08 

15208. 

85 

323.0 

+ 

5.0 

2,76 

—0.41 

o .49 

152 X 5 . 

80 

236 

— 

25 

0.69 

+0.10 

0.32 

13313 . 

80 

no 

+ 

X 7-5 

0.99 

—0.10 

0.33 

15229 . 

80 

302.5 

— 

33 „ 

2.49 

+0.64 

1,48 

13392 . 

75 

338.6 


5.6 

9.0 

+0.30 

0.89 


|| Pair BC. 
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TABLE 46 —Continued 


ADS 

E 

0 

dO 

100 T( 

s 


IOOW 

1 540 1. 

00 

i 75 ?o 

— 24?0 

°-75 

+o?4o 

0^1 

* 545 2 . 

85 

179.2 

- 3.4 

1.08 

—0.18 

0.19 

i 5494 . 

80 

302.0 

+ 3-9 

1.16 

—0.10 

0.13 

i 549 i. 

80 

265 

- 13 

i -35 

+0.51 

0.59 

1556*. 

85 

243.2 

+ 2.2 

3-98 

+0.10 

0.20 

15599. 

OO 

355 0 

+ 4*0 

0.51 

—0.12 

0.13 

15614. 

80 

200.2 

— 2,2 

1.20 

+0.15 

0.l6 

15707. 

85 

59 

+ 21 

0.62 

—0.50 

0-55 

15769. 

80 

102.5 

- IS 

1.60 

—0.05 

O.42 

15828. 

75 

193.2 

+ 0.5 

15.4s 

+0.22 

0.31 

15870. 

80 

355'9 

~ 5-o 

3.8s 

+0.60 

O.67 

15881. 

75 

95 ' 3 

+ 0.5 

4-23 

0.00 

0.08 

15902. 

00 

7 

— 60 

0.63 

+0.14 

0.68 

1590$. 

75 

146.6 

0.0 

3.98 

+0.58 

0.58 

1593s. 

95 

219.0 

- 5.0 

2.84 

+0.88 

0.91 

15962. 

00 

368 

+ 52 

1.12 

CT 

O 

O 

1 

1.20 

15966. 

80 

342.4 

~ 8.9 

5-37 

+0.12 

0.83 

15971. 

80 

329 

“ 57 

3 .S 5 

—O.9O 

3.36 

16069. 

75 

143.8 

— 0.2 

13.62 

+0,04 

0,04 

16111. 

17 

34 .o 

+ 30.0 

0.28 

+0.95 

0,96 

16185. 

80 

155 

- 67 

1.01 

—O.40 

1.25 

16199. 

00 

235.0 

+ 16,0 

0.43 

—O.06 

0.14 

16228. 

80 

279.5 

- 4.2 

2,88 

+O.18 

0.27 

16270. 

75 

255 

+ 19 

3.7 

-1.25 

1.76 

16291. 

1 

75 

70 

- 12.5 

3-5 

+ 0.9 

1.16 

16298. 

80 

4.6 

- 0.8 

2.71 

+0.03 

0.04 

16345. 

00 

227.5 

+ 950 

0.89 

- 1-54 

2,14 

16407. 

80 

4.6 

- 1.5 

5.42 

+0.20 

0.22 

16519. 

75 

145.8 

— 2.2 

8.48 

—O.04 

0.31 

16557. 

75 

2 S 3 -o 

+ 2,0 

15.18 

+0.50 

0.77 

x6s6i. 

00 

125 

” 34 

0.46 

0.00 

0.27 

16643. 

80 

29.2 

+ 2.7 

4.80 

+0.46 

0,52 

16638. 

00 

152 

—110 

0.31 

-0,53 

O.79 

16672. 

75 

346.2 

+ 3-3 

13-54 

-0.34 

0.88 

16666. 

75 

191 

+ 28 

2.61 

+0.60 

1.42 

16730. 

80 

229.8 

+ 0,4 

7.00 

+0.30 

0.31 

16733. 

05 

89.2 

+ 4 «o 

2.34 

+0.44 

0.47 

16775. 

80 

32.0 

- 6.4 

2.15 

-0.44 

0.50 

16818. 

75 

310.6 

— 2.8 

4.89 

+0.05 

0.24 

16877. 

85 

321 

+ 32.5 

0.50 

+0.19 

o -34 

16958. 

75 

7.7 

- 4-3 

3.26 

—0.20 

0.32 

16979. 

85 

138.8 

7 5-0 

5.90 

+ 1 .08 

X .20 

17020. 

85 

254 

+ 57 

°.55 

+0.05 

0.55 

17022. 

80 

196.2 

- 0.8 

1.68 

+0.05 

0.06 

17079. 

80 

282,0 

0.0 

18.85 

+O.56 

0.56 
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TABLE 46 —Continued 


ADS 

E 

0 

is 

103 37 

s 

ds 

100 dl 

100 w 

17092. 

75 

265*0 

+ 3?5 

ires 

+o?o6 

0?I2 

17107. 

80 

244 

+ 26 

3.0 

-j-o, 8 

1.58 

17126. 

80 

68.8 

+ 4.8 

1.10 

~o.o8 

0.12 

I 7 HO. 

75 

32 S .4 

-j- 2.6 

3 .XO 

+0.31 

0-34 

I. 

80 

70.0 

+ 0.6 

15.24 


0.26 

0. 

00 

202 

- 58 

1.30 

+0.64 

1 -47 

32 . 

80 

150 

- 15 

0,60 

+0.13 

0.20 


number (New General Catalogue of Double Stars, Carnegie Institu¬ 
tion of Washington Publication No. 4x7, [Washington, 1932]); the 
epoch E (95 = 1895; 30 = 1930, etc.); the position angle, 6, at the 
epoch E; the centennial motion in angle, 100 (dd/dl) (not corrected 
lor precession); the distance J at the epoch; the centennial motion in 
distance, 100 (ds/dt); and the relative centennial motion, xoow. 3 

The values of h , given in Table 53 are derived by equation (13) 
from these data, or from the preceding references when no change 
was required. Cases in which other data, given in Table 53, differ 
from those adopted in the earlier lists are discussed on pages 177 ff. 

71. Parallax Data. —For the stars used in the discussion of the 
masses, additional data are required. The trigonometric parallaxes 
are taken, without exception, from Schlesinger’s catalogue. 4 The 
cases in which these values have been combined with moving-cluster 
parallaxes (see § 7), or in which the latter alone were available, are 
listed in Table 47, which explains itself. 

The spectroscopic parallaxes have been taken, by preference, from 
Mount Wilson Contribution No. 5ii. s The systematic corrections to 
these values derived by the present writers® have not been applied 
to the values listed in this chapter but were taken into account in 

j When referring lo the earlier liats, it should he borne in mind that the columns 
there headed “de/dt,“ "ds/dl and “w” give centennial motions and should have been 
headed “roo (de/dt)," “ioo(ds/dt)” and “roow 

■» General Catalogue of Stellar Parallaxes, 1935. 

• Ap. J; 8l, 187, 1935- 

6 Ap. /., 87, 389, 1938; Mt, W. Conlr., No. 389. 
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TABLE 47 

Stars for Which Cluster Parallaxes, or a Mean of Trigonometric 
and Cluster Parallaxes, Have Been Used 
(Unit, 0 T 001 ) 


S6± 6 
i8± 8 

5± 9 
2± 9 


30 ±14 


24 ±14 

22 ± 7 


26 ±5.5 
26 ±5 

23 ±5 

24 ± 3*9 

23 ±2.6 

30 ±6 

32 ±6 

5 7± 1 *6 
i 5 - 6±4 4 
5 - 7 ±i .6 
6.1 ±2.4 
5 -i±* 4 
S-ii 1 4 
S-x±i .4 
S-7±x.6 
n.S± 2 .i 
g.6±2.i 
S. 4 ±a.i 
S. 6 ± 2 .i 
g.8±2. 1 
i°.S± 4 -g 
S- 6±43 
7 .o±a.s 

13 ±3 
X 4 - 4 ± 2.3 

14 ±3 

14 • 2 ± 2 ,6 

ri .S± 2.4 

X7.S±3-3 
18 ±3 

15 ±« 

10 ±2 

i 4 . 8 ± 2.4 

10 ±3 

6.8± 1.4 
g- 4 ±i .4 
8 . 6 ± 3.3 
8 .S±i .4 
io.8±i.7 
8.$±1.2 
8.8±i.4 
S.gii.i 


34 ±4 

27 ±4 


33 ±4 

27 ±S 
S • 7 ± T - <5 

iS.i± 4.2 


6-S±i.S 

II.4±2.I 


I4’7± 2 'S 


8.s±i.2 

8.g±i.4 


* ir Cent: a ii | »i6 i ?4, 3 — SS Q S6 # (igoo)* 


the discussion (§§ 17, 30, etc.)- In a few cases (Table 48) these 
spectroscopic parallaxes were altered to correspond to improved 
values of the visual magnitudes (see § 9). The reasons for the change 
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TABLE 48 

Changes Made in Mount Wilson Spectroscopic Parallaxes 

(Unit, o?ooi) 


*55 


ADS 


237 - • 
246A. 
246B. 
497A. 
497B. 
582A. 
616A. 
1081A. 
2204. . 
2257A. 
2257B. 
2409B. 
2499 A. 
3409B. 

35 I 4 A. 

3514®. 

3S72B. 

3588A. 

5816A. 

S 816 B. 

66soA. 

6650C. 

7139A, 

7187A. 

7187B. 

7873A, 

7873B. 

7902A. 

8022A. 

803s • • 

8119A. 

8X19B. 

8131A. 

8131B. 

8162A. 


G4 

M 3 


G 4 


Ai 

F2 

g 3 

Gj 

A4 


*3 

As 

G6 

K.2 


Ai 

F2 

Ks 


F 7 


K6 

F 3 




p 

& 

Go 


F6 

Ko 


Mount 

Wilson 

Adopted 

Note 

ADS 

21 

18 


8450 A.. 

263 

312 


8450 B. . 

174 

189 


8477 A.. 

20 

16 


847 7 B.. 

16 

13 

mm 

8506 A.. 

6 

5 

n 

8506 B.. 

mm 

12 

3 

8804 ... 


8 

mm 

9346 A.. 


mm 

n 


B 9 


D 

9617 A.. 

10 

14 

H 

969 6 A.. 

10 

7 

I 

9842 A.. 

5 

4 

H 

9909 AB 

12 

14 

5 

9910 A.. 

36 

2 7 

1 

9910 B.. 

27 

21 

1 

9979 A.. 

xo 

17 

6 

10094 A.. 

32 

26 

7 

( 7929 ) A*. 

4 

3 

1 

IO 781 A. . 

4 

3 

1 

IX 468 AB 

32 

40 

8 

l 2 IOlA. . 

48 

44 

8 

I 40 S 4 A. . 

60 

44 

X 

I 4073 -•- 

21 

14 

9 

14592 -.. 

21 

14 

9 

I 4878 A. . 

3 

2 

1 

I 4878 B. . 

3 

2 

X 

X 588 lA. . 

7 

6 

1 

I 588 lB . 

7 

6 

1 

X 5966 A. . 

35 

4 i 

10 

I 5966 B. . 

69 

83 

XX 

I 6 I 73 AB. 

63 

76 

II 

I 6665 A. . 

27 

23 

X 

I 6836 AB , 

23 

20 

X 

I 7 I 49 A. . 

63 

54 

X 

I 7 I 49 B.. 


Sp. 


K2 


Gs 

'Gi' 


l 4 

Ko 


F? 

G 3 

f 7 

f 4 

G6 


F6 

Fi 

KS 

Gi 

Gs 

Gi 

Fi 

FS 

G4 

F6 


G6 

G8 


G 3 

Ki 

Kj 

Go 


Mount 

Wilson 


60 

44 

24 

32 

7 
9 

33 
36 
19 
44 
4 ° 
27 

29 

30 
46 

24 

10 

116 

17 

10 

35 

14 

42 

8 

22 

29 
6 
4 

26 

30 

48 

27 
10 

25 

26 


Adopted 


44 

32 

18 
24 

5 

7 

47 

3i 

16 

51 

33 

23 

44 

24 

36 
28 

9 

166 

14 

7 

30 

12 

52 
9 

16 

19 
5 
3 

21 

24 

34 

23 

7 

35 

37 


Note 


I 

1 

1 

I 

1 

1 

8 

1 

1 

12 

1 

I 

12 
1 
1 

13 
1 

14 

i 

z 

1 

1 

10 

7 

1 

i 

15 
IS 

1 

1 

1 

1 

1 

7 

7 


* Hurnham’fl General Catalogue number: aiyhiami, a—34°53' (1900). 


NOTES TO TABLE 48 

1. Magnitude adopted at Mount Wilson interpreted by us as referring to combined 
light. 

2. Harvard photometric magnitude 7.73 used for 

3. Misprint in Mount WilBon tabular m> 

4. Not spectroscopic binary. 

5. Harvard photometric magnitude for star B preferable. 

6. Magnitudes in Harvard Annals, Volume 64, adopted. 

[Nolefl to table continued on following page] 
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NOTES TO TABLE 48 —Continued 
7. Error in calculation of 

8* Henry Draper magnitude represents light of brighter star. 

9. Potsdam magnitudes reduced to Harvard scale, adopted; i.e,, 7.11 and 7.59. 
Harvard magnitudes inconsistent with combined light in Henry Draper Catalogue. 

10. Spectroscopic binary observations apply to visual pairs; no correction applied 
by us. 

11. Star B spectroscopic binary of very small range; no correction applied. 

12. Spectroscopic binary orbit very uncertain; no correction applied. 

13. Spectroscopic binary correction to mb too large Qoy). 

14. Misprint in published spectroscopic parallax, 

15. Error in Henry Draper Catalogue; 7.1 and 8.4 adopted magnitudes. 


TABLE 49 


Spectroscopic Parallaxes 


(Unit, ofooi) 


ADS 

Sp. 

Mt. Wihon 
Contr. 
Nos. 

Other 

Sources* 

Adopt¬ 

ed 

ADS 

Sp. 

34 A 

a6a 


122 , . . 

Bp 


IO 

10 

10 

8347-• 

Ax 

659... 

A 2 

8 


6 

7 

8706.. 

Ax 

94O.. . 

B 8 

10 


12 

11 

8801.. 

As 

1630. . . 

Bp 

12 


3 *t 

20 

8824.. 

Ao 

1683 . . . 

Ao 

8 



8 

0737 . . 

B 6 

2436... 

Ao 

7 


8 

7 

97 S 7 -• 

Ao 

2832 . . . 

Bj 

.... 

8 


8 

9778.. 

Ax 

3182. . . 

A 3 

*7 


20 

18 

9 S 23 .. 

B .3 

4002. . . 

Bi 


7 

8 

7 

99 I 3 '■ 

Bo 

4068. . . 

BP 


IO 

14 

12 

9951 -• 

B2 

4123- • • 

B 2 


3 

4 1 

3 

10049.• 

B4 

4187... 

Bs 


6 

5 


10087.■ 

Ax 

4263 

Bo 


n ,5 

8 1 

I 

10230.. 

A2 

4950... 

Ax 

10 


13 

11 

10355 

Ao 

5487••• 

B 6 

.... 

8 

8 

8 

10526.. 

Bq 

5961... 

As 

38 


37 

37 

10990.. 

Bq 

6012. . . 

B 8 

8 


7 

7 

11504.• 

}38 

6175... 

As 

66 


72 1 

69 

12026.. 

b 9 

7158... 

B 9 

26 


26 

26 

12287.. 

b 4 

7292... 

B 9 

21 


4 i 

29 

12880.. 

Ax 

7 SSS-• . 

Ao 

10 



10 

13148.. 

Ao 

7979 -•• 

b 9 

18 


20 

19 

*0 * • 

13672 .• 

B2 

8175.. . 

B 9 

12 


14 

13 

13728.. 

Ao 

8220... 

b 3 

.... 

5 

4 

4 

14504 .■ 

B 8 

8231 . . • 

Ax 

II 



11 

15032 .• 

Bi 


Mt. Wilson 
Contr. 

Nos. 

Other 

Sources* 

Adopt* 

ED 

244 

363 


8 



8 

34 


36 

35 

20 


17 

18 

8,8 

8 


8 


9 

8 

8 

26 

. 

21 

23 

30 


32 

3i 


8 

14 

11 


7 

7 

7 


7 

8 

7 


6 


6 

29 


34 

3i 

12 


18 

IS 

12 



12 

*4 


22 

18 

18 


2 9 

23 


7 

8 

7 

36 


41 

38 


6 

3 

4 

42 


38 

40 

16 


23 

19 


3 

3 

3 

0 



9 

7 

8 

7 

7 


8 

6 

7 


* Schleainger’a catalogue unloae otherwise noted. 

f Parallax of A: Ml. Wilson Contr., No. jit; Pair BC used In study of masses, 
t Parallax of C: Ml. Wilson Contr No, su. 
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are described in. the notes. A few spectroscopic parallaxes of late- 
type stars were added from Schlesinger’s catalogue (§ 8). 

For early-type stars spectroscopic parallaxes were taken from this 
catalogue and from Mount Wilson Contributions No. 244 and No. 
262. The stars for which data from these sources were combined and 
the adopted mean spectroscopic parallaxes are listed in Table 49. 

72. Data Used, in Discussion oj Masses .—The fundamental data 
which were used in the discussion of the masses of visual double stars 
arc summarized in Table 50. Stars with known orbits, main- 
sequence stars without orbits, giants, subgiants, and supergiants are 
successively listed; in each part the stars arc grouped according to 
the spectral class, as in the final means in Table 23. The limits of our 
subdivisions are marked by rules. The successive columns give the 
ADS number; the spectral class (Mount Wilson values being in 
italics); the visual magnitude mt of the brighter component (includ¬ 
ing the light of both components of a spectroscopic binary); the 
modulus mb — M a (Table 1); and then the “reduced” values 
(§ 10) k[, l', and s' of the hypothetical, trigonometric, and spectro¬ 
scopic parallaxes. The last two columns contain the weight, p (§ 12), 
which was employed in combining the data with those for other stars. 
This is different for the comparison with trigonometric and with 
spectroscopic parallaxes. 
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TABLE 50 

Data for Determination of Stellar Masses for Physical Pairs 

(Unit, o?ooi) 
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Sp. mb Mod. h 


II. Physical Pairs—Main Sequence 
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TABLE 50 —Continued 
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TABLE 50 —Continued 



4^. Oj Ln 4*. Cn. tn sj <1 Cn tn 
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TABLE SO —Continued 






























































TABLE 50 —Continued 


ADS 

Sp. 

B 

■ 

Dl 

n 


Tr. Wt. 

P 

Sp. Wt. 
p 

3824^1x1 

Ay 

5*4 

3*4 

81 


62 


0, S 

5 S 5 Q 

Ay 

4.82 

2.82 

235 

143 

114 

0.62 

•7 

6028 

Ay 

7.11 

5 .11 

1x6 


ios 


, 7 

6871 

Ay 

6.90 

4.90 

325 


QC 


, 7 

8750 

Ay 

7.26 

5 • 26 

107 


101 


.7 

9 I 73 1k1 

Ay 

4.9 

2.9 

130 

38 

76 

■53 

.7 

9747 

Ay 

8.14 

6,14 

I* s 


84 


, s 

II 977 a 

Ay 

Q. I 

7 .1 

1210 


105 



12061 

A7 

5.07 

3-°7 

169 

29 

103 

.40 

.7 

13692'* 

Ay 

6.0 

4.0 

120 

0 

95 

•30 

•5 

14233 

Ay 

7.16 

5.16 

162 


no 


. 7 

5983’' 

A8 

3-8 

1.6 

121 

126 

113 

.88 

•7 

8406 

AS 

6.01 

3.81 

54 


81 


. 7 

9959 

AS 

8.56 

6.36 

487 


ISO 


.5 

15407 

AS 

7.07 

4*87 

151 




. 7 

16599 

A8 

7.61 

5 - 4 X 

375 


109 


•5 

16644 

A8 

8.96 

6.76 

40s 

67 s 

360 



191 

A a 9 

6.09 

3-79 

149 

69 


■7 

61x7 

Aq 

8.75 

6.45 

292 

19 

97 

.041 

•7 

6829 

Ag 

9-35 

7.0S 

334 


77 



7632 

Ao 

8.32 

6.02 

83 


1x2 


, rt 

10448 

Ag 

6.78 

4.48 

284 


63 


•7 

1539a 

Ap 

7.98 

5.68 

508 


82 


•7 

683 

Fo 

6.29 

3.79 

52 

34 

63 

*40 

• 7 

87s 

Fo 

6. x8 

3.68 

185 


158 


.5 

3064 

Fo 

5-96 

J .uu 

3-46 

128 

xo8 

103 

.66 

■7 


Fo 

6,13 

3.63 

80 


100 


■ 5 

0 / O w 

4229 

Fo 

6.06 

O • 0 

3 -S 6 

43 


i 39 


•7 

4356 

Fo 

6.97 

4-47 

243 


78 


•7 

4396 

Fo 

8,85 

6.35 

195 

446 


,016 


6838 

Fo 

6.99 

4'49 

55 


103 


■7 

705 ^ 

Fo 

6.0 

3-5 

105 


95 


• 7 

71 t tr 

Fo 

4.27 

I. 77 

00 


01 


.7 

8690 

Fo 

*r • m f 
7.68 

5.18 

vv 

294 


y 

54 


*5 

9254 

Fo 

6,70 

4.30 

131 


104 


*7 

14^63 

Fo 

3-43 

0.93 

156 

83 

no 

.80 

• 7 

10379 

Fo 

6.97 

4.47 

137 

304 

94 

.XX 

• 7 

13277 

Fo 


3.30 



81 


.7 

*■ 0*1 1 
15838 

Fo 

0 • '■'V 

6.35 

0 * oy 
3.75 

124 


124 


•5 

IT3I ft 

Fi 

7*5 

4.8 

237 


u 


• 3 

1394 

Fx 

5*43 

2.72 

193 

116 

88 

•33 

•5 

3963 

Fx 

5.59 

2.89 


IS 

137 

.40 

•7 

681 x 

Fx 

7.19 

4.49 

238 


127 


• 7 

9375 

Fx 

5.20 

2.5 

117 


70 


•3 

9517 

Fx 

7.82 

5*i2 

370 


105 

... 

.5 

10094 

Ft 

7-94 

5 -J4 

280 


101 


•5 

10723 

Fx 

5.58 

2.88 

X70 

121 

X 2 X 

■54 

■7 

11698* 

Fx 

7-8 

S 1 

178 

199 

84 

. 16 

• 7 

13442 

Fx 

6.47 

3*77 

*37 

193 

XI 4 

• 50 

•7 

13887 

Fx 

5.06 

2.36 

86 

136 

X04 

*71 

•7 

14054 

Fx 

7.99 

5 * *9 

275 


137 


• 5 

14703 

Fx 

4.76 

a.06 

52 

57 

26 

•55 

• 5 

16345 

Fx 

5-78 

3.08 

128 

66 

103 

0.36 

0,7 
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TABLE SO —Continued 




CACrtM^tA-^lCrtUl 
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TABLE 50 —Continued 


ADS 

Sp. 

mb 

■ 

■ 

H 

■ 

Tr. Wt. 

P 

Sp. Wt. 
p 

2867 

K 4 

5 34 

S -°4 

93 

132 

7 x 

00 

DO 

O 

O 

0*3 

7902 

K4 

9-33 

6.15 

124 


93 


■3 

9396 

k 4 

5-50 

3-30 

287 

57 

149 

.13 

*5 

10429 

K 4 

4,89 

4.69 

199 

78 

95 

.16 

•5 

11916 

K 4 

7.28 

7.08 

390 


104 



1683G 

k 4 

s.96 

3-76 

227 

8S 

99 

.043 

*7 

3006 

K S 

6.19 

6.09 

231 


US 


•3 

33 31 

k 5 

1.06 

O.96 

165 

72 

93 

.30 

■3 

S8l6 

K 5 

8.30 

8 20 

830 


131 



7873 

Kt 

8 - 

8.43 

46 K 


07 



i 8 u 37 ,b 

KS 

4-38 

4.48 

165 


ISO 


•3 

16228 

K 5 

6.24 

6,14 

202 

51 

68 

.068 

*5 

3158* 

Mo 

6.8 

6-93 

323 

221 

98 



8489 

Mo 

S' 9 3 

6.07 

l60 


131 


• 5 

2294 

Mi 

S. 7 3 

5-93 

2 QO 


107 


-3 

15208 

Mi 

5.36 

5 -S 6 

219 

39 

129 

■ ° 9 S 

■3 

9480 

M2 

6.03 

6.28 

70 


72 


*5 

2472 

M3 

3.95 

4 * 35 

184 

-1x3 

85 

.11 

• 3 

4841 

M3 

3-7 

4.0 

139 

94 

82 

•35 

•7 

8979 

M3 

6.83 

7-*3 

194 


53 



10418' 1 

Ms 

3-48 

3*88 

132 

- 24 

72 

0.60 

0.7 

U 5 a 4 

M 6 e 

6,72 

7.12 

194 

— 106 





IV. Subgiants 


14778 

1443 ° 

Gs 

G 6 

7-74 

6.28 

S' 3 4 
3.83 

108 

44 


89 

100 


0.7 

0.5 

6060 

It66l 

7779 

755 1 ' 9 

2o h 36* 

G? 

I 

5*66 

6.31 

7-39 

6.30 

3.26 

3 • 91 
5-09 
4.20 

121 

146 

270 

162 

108 

97 

94 

n8 

0.52 

0.7 

0*3 

0.7 

2.0 

Ki 

6.42 

4*32 

241 

336 

124 

.12 

0.5 

2459 17 

Ko 

5*72 

3*52 

n 6 

76 

no 

'55 

0.7 

14279 17 

Kx 

4.48 

2.38 

x88 

75 

87 

.78 

0.7 

9000 17 

K 3 

5*73 

3*73 

78 

i 7 

100 

0.62 

0.7 


V. Supergiants 


1 477'8b , 

c/7 

2.4 

in 



20 

O.63 

0.5 

ioo74 l » 

Mi 

1.35 

H 



17 

0.60 

0*5 
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NOTES TO TABLE 50 

a. Brighter component spectroscopic binary; two spectra visible. 

b. Brighter component spectroscopic binary; one spectrum visible. 

c. Fainter component spectroscopic binary; two spectra visible. 

d. Fainter component spectroscopic binary; one spectrum visible. 

1. See Table 51. 

2. Pair BC. 

3. o Eridani, white dwarf. Not included in computations. 

4. Cluster parallax used in sixth column. 

5. Mean of cluster and trigonometric parallax used in sixth column. 

6. Burnham's General Catalogue number. 

7. Spectrum=Harvard Ka. Treated as in work on masses. 

8. Spectrum=Harvard K5. Treated as K8 in work on masses. 

9. Value of hi derived from orbital elements; in work on masses this star not handled 
with “orbit” group. 

xo. v Centauri. a n h i6 m 4 7 6 —53°56' (1900). 

11. Pair CD. 

12. Pair AC, 

13. See Table 53, n . 13. 

14. Also ADS 440. 

15. Capella. 

16. Star A B=Gj; Af»=>0.08. In work on masses, star A incorrectly treated 

as G3. 

17* Treated as normal giants in work on masses; subsequently found to be subgiants 

18. Polaris, excluded. 

19. Antares, excluded. 


With the aid of Table 50 anyone may add additional material as 
it becomes available—or may rediscuss the data, using such weights 
etc., as he sees fit. ' 

For a number of stars the data used in the discussion of the masses 
were found to be capable of improvement by the time (almost two 
years later) when the final catalogue of dynamical parallaxes was 
prepared. The data used in the work on the masses are listed in 
Table 51. In the first part, containing stars with orbits, the older 
values of a" and P are given, with the adopted A, and a reference 
to the source; in the second, for physical pairs, the earlier-adopted 
data for the relative motion, with explanatory notes. 

The revised values of the data for these stars may be found in 
Tables 52 and 53. Comparing these with the older values, we find 
that the changes in the first part of the table (corresponding to im¬ 
proved orbits) are small. For 30 stars the mean change in A, is 



Data Used in Study of Masses but Replaced by Improved Values in Tables 52 and 53 
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—o'fooi; and the average, without regard to sign, ± o". 004. The 
mean percentage change is —0.1; and the numerical average, ±11. 

These include one remarkable instance of a large change, ADS 
12 973 (r Sagittae), for which the old value of h t is 0^037 and the 
new 0*018. Both orbits have e = 0.85; but the older one has 
X = 65° and i = 78°, so that the major axis of the apparent orbit 
is but little greater than the minor axis of the true orbit, while the 
second has X = 180 0 , so that the apparent and true major axes 
agree. Other differences in the rather ill-defined apparent orbits ac¬ 
count for the rest of the change. 

For 8 of the 20 physical pairs in Table 51 orbits have recently 
become available, so that they now appear in Table 52. For 5 others, 
which are triple systems, a dynamical parallax derived from the wide 
pair was inadvertently used in the earlier discussion, while the close 
pair gives the better value. For the remaining 7 stars the improved 
data for the motion change h in the means by — o'fooi or without 
regard to sign by ± o''002. 

Finally there are xx stars included in the earlier lists for which 
upon re-examination, the data were not judged good enough to 
justify even a “poor” dynamical parallax. The number of these 
stars in Burnham’s General Catalogue (by which they are identified 
in the previous lists) arc as follows: 


447 

3422 

10404 

1021 

SI24 

10775 

1577 

9439 

III30 

2 x 26 

9695 



Two stars which appeared with orbital parallaxes in the Astro¬ 
nomical Journal, 39, No. 930, p. 168, have been transferred to the 
list of physical pairs. These are ADS 2959 and 10425 (=/ 3 GC 2007 
and 7936). 

B. THE CATALOGUE 

73. Description of the Tables .—The dynamical parallaxes here 
given have been derived by the strict application of the formulae 
and methods given in chapter iv. Table 52 gives the results for 166 
stars for which fairly reliable orbits have been calculated, while 
Table 53 contains 2363 slow-moving-physical pairs, discussed by the 
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statistical process. There are no duplications, so that the whole 
number of dynamical parallaxes is 2529. 

The first six columns are the same in both tables. The leading 
column contains the ADS number, for all stars which appear in this 
catalogue. For southern stars the number in Innes’ Reference Cata¬ 
logue is used by preference. For the few remaining stars the DM or 
CPD number is given, or occasionally that in Burnham’s catalogue, 
the latter in parentheses and also indicated by a footnote. 

The next two columns list the position of the star for 1900; the 
fourth gives the combined visual magnitude. Photometric (visual) 
magnitudes are indicated by two decimal places. 

The sources adopted, in order of preference, are: 

1. Photometric measures of double stars ( Harvard Ann., 56, No. 
7, p. 23r, 1912, and 64, No. 6, p. 165, 1913. 

2. The two-place “photometric” magnitudes of the Henry 
Draper Catalogue. 

3. The photometric magnitudes in Boss’s New General Catalogue 
would have been given at least equal consideration; but, unfortu¬ 
nately, a great part of the present work was done before this cata¬ 
logue became available, so that it could be used only in special cases 
(see below). 

4. The magnitudes given by Finsen, 7 which evidently represent 
the result of a somewhat critical selection. 

5. For stars north of — r9° the one-place “photometric” magni¬ 
tudes of the Henry Draper Catalogue, which represent the visual 
estimates of the Durckmusterungen with systematic corrections to 
the Harvard scale. 

6. For stars south of —19 0 , the Henry Draper “photographic” 
magnitudes were corrected for color index (Harvard Arm., 91, t3, 
T918) and adopted. These are based upon the Cape Photographic 
Durchmusterung and are probably more reliable than the visual 
Durchmusterung estimates. 

7. For the remaining stars, magnitudes were obtained in some 
cases from Boss’s New General Catalogue —and, in default of better, 
from the corrected Bonner Durchmusterung. 

1 Union Obs. Cite., No. 93, p. 139, 1933. 
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The fifth column gives the spectra—of both components when 
known; otherwise, of the brighter component or the combined light. 
The Mount Wilson determinations, which have been given the 
preference, are printed in italics. Most of the rest are from the 
Henry Draper Catalogs, with additions from Boss’s New General 
Catalogue, representing Harvard material not previously published. 
In calculating the dynamical parallax d, the Henry Draper spectrum 
Oes has been treated as Bo; A as A3; G as G3; Ma as Mo; and 
Mb as Ms. 

The sixth column contains the difference in visual magnitude Am. 
Values given to two places represent photometric measures, the 
rest are collected from various sources. Many of these are of low 
accuracy, but the reader will at least know what values we have 
used. 

The remaining columns of Table 52 contain: columns 7 and 8, the 
adopted orbital elements P and a"\ column 9, the hypothetical 
parallax h, = a"P -a/3 ; column 10, the dynamical parallax d, derived 
as described in chapter iv; column 11, the grade assigned to the de¬ 
termination (good fg], fair ff], and poor [p]); and column 12, a refer¬ 
ence to the source of the orbit. 

In Table 53 the seventh column contains the hypothetical parallax 
h t = 0.4x8 Vjup*; and the eighth column, the dynamical parallax d, 
derived as above. The last column contains the grade. Here “F” 
denotes a determination by Finscn, and “F:” a determination 
marked by him with a colon. In the discussion these have been 
grouped respectively with grades “f” and “p.” 

A discussion of the probable errors of these parallaxes and the cor¬ 
rections which should be made when they are used for calculating 
distances, space motions, or absolute magnitudes will be found in 
chapter iii, section A (pp. 90-100). 
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TABLE 52 —Continued 
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0.41 
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3 
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+37 34 
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.010 

P 

X 
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Ma 
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.046 
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I 
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I 
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0.34 

.025 
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I 


NOTES TO TABLE 52 

a. Brighter component spectroscopic binary; two spectra visible. 

b. Brighter component spectroscopic binary; one spectrum visible. 

c. Fainter component spectroscopic binary; two spectra visible. 

d. Fainter component spectroscopic binary; one spectrum visible, 
g. Treated as giant in calculation of d. 

* Entirely new—no dynamical parallax previously published for this bUt. 
t Pair BC. 

X White dwarf; o Eridani. 

6£ Ursae Majoria. Both components are spectroscopic binaries. No spectroscopic binary correction applied for star 
B, since its mass function is excessively small. 

|| Burnham’s General Catalogue number. 

i. See catalogue by Finsen, Union Obs. Circ No. ioo, 1038. 

а. Janssen, A JV\, 236, No, 5646, p. 93, 1939. 

3. See catalogue by Finsen, Union Obs , Circ., No. qi, p. 33, 1934. 

4. Voronov, Bull. Tashkent A sir. Obs., No. a, p, 38,1934. 

5. Van Bieabroeck, Pub. Yerkes Obs., 5, xa, 1923. 

б, Aller, A JV, a68, No, 64x0, p. 23,1938. 

7. Van den Bos, Union Obs. Circ., No. 98, 1937. 

8 See catalogue by van den Bos, BA JV., 3, No. xox, p. 149,1936. 

9. Rudnick, AJ ., 43, No. xoia, p. 164,1934. 
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TABLE 53 

Dynamical Parallaxes of Physical Pairs 
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TABLE S 3 — Continued 
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7.9 

Fo 

0.5 

.0048 

.002 

f 

1752 

2 

11.6 

+28 18 

6.6l 

Fs 

i.S 

.025 

.017 

f 

1758 

2 

11 -9 

+21 46 

8.6 

F S 

0.2 

.0072 

.004 

f 

1762 

2 

12.0 

+38 S3 

9.4 


0,1 

.013 

.010 

g 

1763 

2 

12.4 

+39 49 


F2 

1 .b 

.011 

.006 

P 

1769 

2 

12.s 

+53 11 

8.8 

Ao 

i.S 

• 0054 

.003 

f 

2^9 

2 

12.6 

-33 38 

8.6 

Go 

0.1 

.Oil 

.007 

F; 

2 h IO 

2 

13.1 

-31 11 

7.64 

F S 

1.0 

.021 

.015 

F: 

I780 

2 

14-3 

+29 21 

8.S 

FS 

0.0 

.018 

.014 

g 

I786 

2 

14.8 

— j—43 20 

8.8 

Ko 

0.0 

.032 

.028 

g 

I 798 * 

2 

IS .5 

+38 s* 

8.9 

gS 

0.8 

.0060 

.003 

P 

l80I 

2 

16.1 

+ 8 25 

7.8 

Fo 

0.9 

.011 

.007 

f 

l824 10 

2 

18.0 

+33 3 

10.2 


0.3 

.024 

.020 

P 

1833 

2 

18.2 

+61 4 

7.11 

B8 

o.S 

,014 

,008 

g 

2 h I$ 

2 

18.9 

-30 19 

6.94 

F8 

0.3 

.017 

.Oil 

F 

1839 

2 

19.8 

~ a 34 

9.0 

F2 

o.S 

.015 

.012 

f 

^17 

2 

20.4 

-30 19 

7.9 

FS 

0.3 

.0062 

.003 

F 

i86o b 

2 

20.8 

+66 57 

4.64 

A3SP F5 

2.26 

.027 

.014 

g 

1850 

2 

20.8 

+31 40 

9-8 


o.S 

.0079 

.006 

f 

1851 

2 

21. I 

+30 50 

8.1 

F$ 

3 • S 

,018 

.014 

l 

1868* 

2 

22.3 

+29 26 

7.8 

Go 

2.3 

.0033 

,001 

l 

1874 

2 

22,8 

+ i<5 SS 

8.6 

FS 

0.0 

.022 

.018 

g 

1882 

2 

23.4 

+ 8 13 

9.1 

Go 

0.0 

0.0084 

0,006 

f 
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TABLE 53 —Continued 


2454 
2459* 
2461 
2464 
3463*' * * 


2 52.1 
2 52.7 
2 52.8 
2 52.8 
2 52.8 



3 

3 *3’3 
3 13-6 
3 13-8 
3 I 4'0 


M 

ag. 

8 

•5 

7 

•9 


+79 1 
+23 45 

+21 13 
+ 20 56 
+ 6 is 
+39 10 


+ 17 30 
+32 1 
— 11 41 
+17 55 


+24 52 

+39 59 
+ 8 1 

+ 63 2S 
+ 71 II 

+78 8 
+ 4 49 
+ 21 23 
+36 49 
+36 36 

+43 55 


+65 17 
+ o 23 
+40 7 



cC fcc tOMH bO 1—1«—1 t,H ttm bC *—k «+-t«—1 tC «*h be bO bO«—« >—1 Mn i f 1 ! to bO bO 
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ADS 

aigoo 

tfigoo 

Mag. 

n 


H 

d 

Grade 

2465 

3 

14^1 

- 

-i 8 ° 5 s / 

5 83 

B8 


0T046 

°.°34 

f 

-— 

3 

14 .5 

~ 

-t >3 39 

8.6 

FS 

0.3 

.Oil 

.007 

F: 

2475 

3 

14.7 

+ ig 21 

7.67 

A2 

0.1 

.0098 

.006 

f 

2472?' * 

3 

IS 1 

- 

-22 7 

3'95 

M 3 

6 0 

.026 

.OIO 

F: 

2491 

3 

16.3 

+ 8 24 

8.3 

Go 

1.0 

.018 

.013 

8 

2499 

3 

16.8 

+29 27 

7.8 

A55 

0.0 

.040 

•°35 

f 

2504# 

3 

17.6 

+20 37 

7.35 

G S 

1 • 7 

.0063 

.003 

g 

2507 

3 

18.4 

- 

8 9 

6.28 

Go 

5.6 

.052 

.043 

f 

2538 

3 

20.2 

+59 54 

6.48 

B8 

1.4 

.Oil 

,006 

g 

2537 

3 

20.4 

+54 5 ° 

8.7 

A2 

0.0 

.0053 

.003 

P 

2531 

3 

20.7 

+12 8 

8.1 

Go 

r -5 

.or4 

.010 


2364 

3 

21.1 

+7131 

8.5 

Ao 

2.8 

.022 

.019 


3 r 2 S 

3 

21.2 

- 

-46 I 

7.19 

A2 

t .6 

,0052 

RSI 


2563 

3 

22*2 

+59 a 

6.06 

Ao 

1.0 

.0087 

.004 


2546 

3 

22*3 

+20 7 

6.68 

A3 

1.0 

.014 

.008 


2 SS 9 b 

3 

22*4 

+44 42 

7-37 

®3 

1 • 3 

.0074 

.003 

f 

3 554 

3 

22*5 

+ 28 43 

8-7 

F8 

1.5 

.011 

.008 

g 

2 S 77 

3 

2S.2 

- 

“II 29 

8-3 

FS 

3.5 

.022 

.017 


2582 

3 

25 -3 

+27 14 

5-93 

Ao 

0.31 

,016 

.009 

f 

2584 

3 

25.5 

+19 26 

7-9 

F8 

0.0 

.012 

.007 

f 

2580 

3 

25.6 

+ 4 50 

7-9 

Fo 

2.0 

.013 

,009 

f 

2581 

3 

25.6 

- 

- 4 38 

7-55 

A3 

0.2 

,011 

.007 

g 

2612 

3 

26.8 

+59 43 

6.48 

n 

1.0 

.031 

.022 

g 

2613 

3 

28.3 

+ 6 44 

9*3 

A2 

0.2 

.0043 

.003 

r 

26l8 

3 

28.7 

+19 27 

8.1 

Ao 

0.0 

.020 

-015 

f 

2625 

3 

29.1 

+3319 

7.8 

Fo 

0.0 

,0078 

.004 

f 

2628 

3 

29.4 

+31 21 

6.83 

Fo 

0.0 

.01:7 

.Oil 

g 

2630 

3 

29.4 

+42 I 

8.4 

05 

0.4 

.027 

,023 

g 

2639 

3 

31.1 

+ 9 51 

9.3 

Go 

0.2 

.013 

,010 

g 

2644 * 

3 

3 1 *7 

+ O l6 

6.12 

G9K5 

2.72 

■0 75 

■055 

g 

2678 

3 

33.6 

+ 69 32 

7 -i 3 

a 3 

0.0 

,0098 

.005 


2668 

3 

33-8 

+33 48 

6.8 S 

F 5 

0.0 

.030 

.022 


2680 

3 

34.3 

+45 35 

8.4 

F8 

0.2 

.0095 

.006 


2679 

3 

34.5 

+28 27 

6.86 

Ao 

0,48 

,014 

,008 


2710 

3 

3^.5 

+52 9 

9.2 

A 

0,1 

.0084 

.006 


2737 

3 

37-8 

- 

h 57 15 

9.2 

A 

0.3 

.0047 

.003 

f 

2726* 

3 

38.0 

- 

-31 58 

3.94 

Bis 

4-5 

.013 

.005 

f 

2730 

3 

38.3 

- 

I-31 5* 

8.4 

B3 

0.2 

.010 

.006 

f 

2740 

3 

39 -^ 

- 

-22 25 

9-4 

Gs 

o.S 

,611 

.008 

f 

2765 

3 

39-9 

" 

f-64 27 

8.8 

F 5 

0.2 

.013 

,010 

g 

2757 

3 

40.1 

i 

ZEUS 

7-7 

G7 Kst 

0,6 

.046 

.040 

g 

2755 

3 

40.4 

- 

“ a 3 S 3 

8.2 

A3 

1,0 

,0089 

,006 

g 

2760 

3 

41.1 

H 

I-24 31 

8.6 

A2 

2.0 

.0063 

.004 

P 

2756 

3 

41*3 

- 

-28 II 

7.9 

Ko 

3-9 

.056 

.052 

f 

2772 * 

3 

4 i >5 

+33 18 

6.36 

b 3 

2.5 

0.010 

0.005 

f 
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THE MASSES OF THE STARS 


TABLE S 3 —Continued 


ADS 

axpoo 

31900 

Mag. 

Sp, 

Am 

hi 

d 

Grade 

2791 

3 h 42“3 

+ 59 ° 49 ' 

8.6 

I s 

1 .0 

0*013 

0^009 

f 

2778 

3 42.8 

4-10 50 

S -°3 

B3 

4.08 

.020 

.on 

f 

278s 

3 43-4 

+1124. 

8.6 

Fo 

0.8 

.0066 

.004 

f 

2793 

3 43-9 

+18 0 

9-3 


0-3 

.0x8 

.014 

f 

2801 

3 44-4 

4-22 23 

8.7 

FS 

0.0 

.0065 

.004 

f 

3 h 44 

3 44-9 

-37 SS 

4.3s 

B8 Ao 

0.56 

.052 

.032 

f 

2815 

3 43-4 

4-40 30 

7.52 

A2 

0.5 

.on 

.007 

f 

2828 9 

3 46.1 

+52 S 9 

7-9 

Go 

0.4 

.016 

.011 

8 

28l8 

3 46 s 

4-0 2 

9 °3 

Ko 

2.8 

• °S 4 

■054 

P 

2845* 

3 47-4 

+56 12 

8.2 

GS 

2.6 

.0074 

.004 

f 

2832 

3 47-7 

- S 39 

549 

Bjn 

4.8 

.028 

.018 

f 

2843 

3 47-8 

+ 3 1 3 S 

2.91 

Bin 

6-39 

.028 

.012 

P 

2867* 

3 48.6 

4* 60 49 

5.22 

K4 Ao 

3*2 

.0091 

.003 

P 

2849 3 

3 49-2 

+ 4 S 4 

93 


0.0 

.006l 

.004 

f 

2850« 

3 49-2 

- 3 14 

4.68 

G4 Am 

1-38 

■015 

.006 

g 

2894 

3 S 2 .S 

— I 26 

8.7 

Z2 

2.0 

.086 

•° 9 S 

f 

2010 

3 S 3 - 1 

+38 31 

6.38 

Ao 

2.7 

.OOO9 

•005 

P 

3 %S 

3 S 3 - 1 

— 40 12 

7-74 

A3 

0.75 

.OO83 

.005 

F: 

2963 

3 S 3-3 

+80 25 

5.25 

Fi A2 

0.9 

.022 

.013 

S 

29233 

3 S 4-8 

4- 8 1 

9.8 


0.1 

.012 

.009 

i 

2926 

3 SS- 1 

+22 57 

6 .S 4 


0.9 

.012 

.OO6 

P 

2059 

3 S 7-4 

+39 !4 

7.18 

GS 

1.8 

■039 

.031 

8 

3^0 

3 S8.2 

-34 46 

6.67 

Go 

0.4 

■035 

.026 

f 

2952 

3 S8.3 

— 28 48 

7*55 

F8 

0.4 

.OI9 

.013 

F 

2980 

3 59-5 

+43 9 

7.46 

Gs 

0.0 

.014 

.009 

g 

4 h 2 

4 o -9 

-85 34 

6.46 

b 9 

1.5 

■015 

.008 

F: 

299 S 

4 1.0 

+37 49 

6.8! 

K2 

1.29 

.064 

.053 

£ 

4V 

4 1.2 

-35 43 

7-3 

Go 

0.3 

.OO4O 

.002 

F: 

2993 

4 1-4 

+ S 26 

8.4 

F8 

0.5 

.Oil 

.007 

f 

3007 

4 1.8 

+ 4 S 58 

7.07 

Ao 

0.3 

.0074 

.004 

g 

3014 

4 1 -9 

+52 19 

9-9 


0.8 

.OO67 

.005 

f 

2999 

4 2.0 

+14 54 

5-94 

FS 

2.8 

.013 

.007 

P 

3006* 

4 2.3 

+17 4 

6.13 

KS 

3.1 

.014 

.006 

P 

3015 

4 2.4 

+39 S 3 

, 7-47 

F8 

2.5 

.026 

.020 

8 

3017 

4 2.7 

+28 56 

8.6 

Go 

0.9 

.013 

.009 

I 

3021 

4 3 -o 

+28 24 

9.0 

Go 

o -3 

.012 

.009 

g 

3019 

4 3 *° 

+22 $2 

6.81 

A3 

0.0 

.OO88 

.005 

F 

3032 

4 4 - S 

— 8 12 

7.28 

A2 

0.0 

.0051 

.003 

p 

3038 

4 4-6 

+ 4 1 36 

8.0 

F8 

0.0 

.OO95 

.006 

F 

3044 

4 S.o 

+S 3 32 

9-7 


0.7 

.012 

.009 

f 

3041* 

4 5-8 

7 5 8 

7.50 

Go 

0.0 

.012 

.006 

f 

3054 

4 7-0 

+ 0 29 

6,76 

05 

3-0 

.032 

.024 

f 

3062 

4 7-0 

+42 20 

8.0 

Fo 

1.8 

.013 

.008 

f 

306$ 

4 8.r 

+ 2 37 

8.4 

F 5 

0.0 

.OO94 

.006 

f 

3064 

4 8.2 

+ 7 28 

5-35 

Fo 

0.3 

0.026 

O.Ol6 

g 
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TABLE 53 —Continued 


ADS 

aigoo 

aigoo 

Mag. 

Sp. 

Am 

m 

d 

Grade 

3072* 

4 h 8?s 

+ 9 ° r' 

4.98 

GS 

2-5 

o?oo88 

0^003 

P 

3080 

4 8.6 

+45 9 

8.02 

GS 

0.0 

.018 

,012 

X 

3069 

490 

— 28 48 

7.44 

F8 

0.1 

.020 

.014 

F 

3098 

4 9-6 

+58 32 

6.91 

Ao 

0.5 

.013 

.008 

g 

3079* 

4 9 + 

— 10 30 

5.13 

K .2 

3-74 

.031 

.016 

g 

3105 

4 9-9 

+60 14 

7.41 


0.4 

.0060 

.003 

r 

3095 

4 10.9 

+ 0 12 

7.18 

Ao 

i 7 

.017 

.011 

p 

3 102 

4 11.2 

+19 2 S 

7.6 

F 5 

0.0 

.0076 

.004 

p 

3108 

4 11 .7 

+18 57 

9-4 


2.2 

.011 

.008 

r 

3 ii 4 

4 12.3 

+22 34 

7.48 

FS 

0.0 

.0088 

.005 

g 

3127 

4 14.2 

— 7 40 

8.3 

Fo 

2.8 

.028 

.024 

f 

3141" 

4 14.3 

+49 48 

7-37 

Go 

2.1 

.0084 

.004 

x 

3147 

414.8 

+51 22 

8.0 

Ao 

0.0 

.0079 

.005 

X 

4 "i 3 

4 14-8 

— 61 12 

6.32 

Ao 

1.0 

.023 

.015 

F 

4 h i 4 

4 15.3 

“34 9 

6.34 

A2 

1.8 

,013 

.007 

F: 

3 l 58 ft ' “ 

4 16S 

+20 35 

6.11 

Mo 

3 .i 

.0091 

.003 

P 

3172 

4 16.6 

+4212 

5-98 

? 9 

o .5 

•0053 

.002 

g 

3163 

417.2 

- 4 54 

7 . 5 i 

A 5 

0.6 

.013 

.009 

g 

3189 

417.3 

+60 2 

8.26 

Fo 

o.S 

.0062 

.004 

X 

3174 

4 17-8 

+11 9 

6.90 

A2 

i.S 

.027 

.020 

g 

3188 

4 18.1 

+33 44 

5.81 

Ps 

2.8 

• 054 

.042 

g 

3187 

4 18.1 

+29 54 

9 -° 

A2 

0.0 

.0050 

.003 

f 

318a 

4 18.4 

+ 9 J 4 

5*o6 

Ajn 

0.0 

.OO84 

.004 

g 

4 >‘2I 6 '" 

4 18.5 

-43 2 

7.62 

Gs 

2.6 

.010 

.005 

F 

3207 

4 18.7 

+55 26 

7,26 

Fo 

1.2 1 

.0097 

.006 

g 

3197 

4 I 9-9 

- 8 59 

8.3 

Go 

0.9 

.022 

.017 

g 

3227 

4 20.7 

+53 42 

8.5 

FS 

0.0 

.0080 


P 

3238 

4 21.1 

+72 26 

8.8 


0.6 

.010 

,007 

f 

3224 

4 21.2 

+18 52 

7.72 

PS 

i.8 

.028 

.022 

I 

3228 

4 22.0 

+10 59 

5 * 84 

B8 

3.9 

.010 

.005 

f 

4K37 

4 22.3 

-57 17 

6-54 

Go 

0.30 

■055 

.044 

g 

3243 

4 22.5 

+30 9 

6.26 

f j 

t .68 

.024 

.016 

X 

3 * 3 ° 

4 22.8 

— 24 18 

6.14 

A2 

°’5 

.028 

.019 

g 

4 h 3 ° 

4 23.3 

-40 45 

6.78 

Ao 

1.8 

.0081 

.004 

F: 

3241 

4 23.3 

-24 4i 

8.8 

Go 

0.6 

.021 

.017 

F: 

3247 s 

4 23.6 

-ai 44 

6^73 

FS 

0.7 

.OI9 

,012 

F 

3 * 74 “ 

4 24.1 

+53 42 

5 ’ 4 * 

Bi 

o .75 

■ 0I 5 

,006 

f 

3294 

4 24.7 

+70 31 

8.6 

F2 

1.0 

,0066 

.004 


4 h 32* 

4 27.6 

-35 59 

7.24 

Ko 

0.0 

.0072 

.003 

F 

3397 

4 27.8 

+17 48 

6.24 

B8 

0,0 

■0053 

.002 

£ 

4 h 33 

4 27.9 

-36 7 

7-7 

Fo 

0.8 

.OI3 

.008 

F 

3334 

4 29.7 

+40 53 

7-8 

A2 

*•7 

.019 

.014 

X 

3321* 

4 30-2 

+16 19 

1.06 

Ks 

11.8 

. II 

,048 

P 

3321” 

4 30.2 

+16 19 

10.5 


2.4 

,028 

.026 

i 

3326 

4 30.7 

+ 8 1 

8.0 

Ao 

0.0 

O.OO9O 

0.005 

f 
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TABLE S3 —Continued 


ADS 

aigoo 

£1900 

Mag. 

Sp. 

Am 

hr 

d 

Grade 

3662 

4 h S 9 r * 1 4 

— 

6° 10' 

6,72 

Bg 

I .0 

§§8S| 

Ql •’•l+B 


3672 

4 39,6 

+ 19 40 

6 46 

A.2 

0.6 

.013 



3 6Sq 

4 39'7 

+34 5 2 

7.86 

b 9 

0.0 

.0089 



S 1, 3 b ' * 

S 0.8 

— 

35 37 

4,62 

Ko 

3 8 

.015 



3712 

5 2*5 

+ 8 15 

9.0 

K.2 

0.0 

.012 



3734 

3 3 'S 

+3711 

6.17 

b 2 

0.30 

.0040 



3730 

3 3 5 

+ 2 7 S 3 

5-97 

Fo 

2,0 

.015 



372R 

3 3-7 

+ 33 

6.34 

Ao 

0.5 

,0058 



5 b 5 

5 3-8 

- 

■74 29 1 

6-97 

Ao 

0.3 

.014 



3744 

S 4-5 

+31 SS 

7-9 

G 5 

0.7 

.024 



3737 

3 43 

+ 8 3 

7 09 

F8 

2.8 

,022 

.016 

g 

3768 

3 3-9 

+41 28 

8.7 

Ao 

0.0 

.0052 

.003 

i 

3764 

3 6.6 

H 

- 0 55 

6.07 

£5 

1*5 

.0050 

.002 

g 

381 a* 

3 7.8 

+47 3 

6-97 


3-3 

.0094 

.005 

f 

3797b,« 

3 8.1 

+ 2 43 

4,64 


3.80 

.0040 

.001 

P 

3799 , , 

3 8.3 

+ 1 Si 

6.25 

A.2 G 

0.2 

.0034 

.002 

f 

3824'!. b, d 

5 8.8 

+32 35 

5.14 

A 75 P4 

2.89 

.017 

.007 

I 

3823 

5 9-7 

- 

- 8 19 

0-34 

cB8 

6.32 

.Ol6 

.005 

g 

3837 

S 9-9 

+19 36 

8.1 

Fo 

0.9 

.0087 

.005 

f 

38 S 3 

5 io -5 

+3313 

7.6 

A3 

0.0 

,0076 

.004 

g 

jh I7 6 

S 10.8 

- 

-47 59 

8.07 

Fo 

0.3 

,0l8 

.013 


3870 

5 10.8 

+52 43 

8.2 

I<’S 

0.5 

.013 

.009 


38 S 4 

5 io -9 

-j-18 20 

7-5 

b 3 

o-S 

, 0 X 1 

.006 


(261s) 1 - 

S 11.2 

+25 58 

8.8 


0.5 

.046 

.039 


3856 

5 xi.a 

- 

3 37 

8.6 

b 9 

0.4 

.012 

.009 


3857 

5 11 .4 

- 

- 1 45 

8-5 

00 

PS 

0.3 

.0058 

.003 


3866“ 

5 it.6 

+20 1 

6.84 

F4 K2 

3.0 

.032 

.021 


3830 

5 11 .7 

- 

-29 38 

8.2 

A2 

0.6 

.012 

,008 


3880 

5 12.8 

+ 3 35 

8.8 

FS 

0.7 

.017 

,013 

f 

39 °°’ 

5 14.1 

- 

- 3 it 

7.87 

Ks 

4.0 

.089 

.090 


3933 

S iS-o 

+64 38 

7.65 

F8 

1.o' 

.0099 

.006 


5'' 2 3 

S ifi.a 

- 

“41 9 

7.69 

£’S 

0.6 

.OI9 

.013 

13 

3936 

S IS -3 

- 

-6 3 17 

7.27 

Go 

o .3 

.O30 

.023 

n 

393*5 

S 16.0 

- 

"12 34 

7-8 

A 3 

0.0 

.0078 

.004 

u 

3939 

S 17-4 

■ 

h 2 31 

8.3 

Gs 

2.5 

.047 

.043 


3934 “ 

s 17.7 

- 

_2 4 S 2 

5.14 

G2 A3 

X. 22 

.022 

.0X1 

H 

3981 

s 17.9 

+24 52 

8,2 

A2 

0.0 

■0075 

.004 

mm 

3978 

5 18.5 

- 

- 8 30 

3.83 

Ao 

1.5 

.022 

.013 

f 

399 I 1 * fl| ' S 

5 18.8 

- 

- 0 58 

6.n 

£5 

0.3 

.031 

,021 

g 

4002 a 

S 19.4 

- 

- 2 29 

3-44 

Bis 

1.0 

rOI4 

.005 

g 

S ll 34 

S 19.9 

- 

-36 46 

8.3 

9 s 

0.6 

.037 

.O32 

Q 

4011 

s 20.0 

- 

- 9 19 

9*2 

Aa 

0.4 

,006l 

.OOA 

mm 

4012 

S 20.0 

1 1 5 ° 

8.5 


0.9 

.Oil 

.008 

n 

4020 

5 20.4 

- 

- 0 38 

6.25 

Bg 

0.6 

.022 

,0X3 

g 

4033 

S 20.7 

+27 32 

7.8 

F8 

0.0 

0 . 0 X 5 

0 . 0 X 0 

f 
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THE MASSES OF THE STARS 


TABLE 53 —Continued 


alQOO Aiqoo 


Sp. Am 


S 23.1 

+25 4 

S 23.2 

+4i 13 


5 29.6 + 9 52 


5 30.0 +41 46 


5 3 

S 3 °- 4 - + 9 i 5*5 

S 3 °'S ~ S 59 

S 30 9 +26 S 3 

S 31.2 -Si 8 


S 313 
s 32.0 
S 32.1 
S 32.2 
S 32.4 


+42 57 
+26 51 

+43 39 
+30 26 
+ 8 S 3 


S 33 -i +37 55 


5 34 6 +15 1 


5 35-5 

+16 29 

5 35-7 

— 20 

5 35-9 

+16 11 


S 36,9 +25 20 
5 39' 6 +62 46 
5 40,1 +21 16 
5 4i-o +2937 


3-49 

08 n B2 s 

8,0 

B8 

7.10 

F8 

4 65 

B 2 S 

6.74 

Ft F6 

2.87 

O911 B9S 

5 . 7 o 

B8 

8.7 

Ko 

8.5 

Go 

9.1 

Go 

7-9 

FS 

5.56 

Fo 

8-3 

Go 

9 ■ 1 

B8 

7-9 

Bg 

7-33 

B9 

3-78 

Ohs 

6.66 

Fo 

7.8 

Go 

8.4 

Bg 

4.87 

B3 

1.91 

Bon Bin 

8.3 

Ao 

7.9 

Gs 

8.2 

Ao 

6.13 

A2 

7-79 

F2 

7.21 

F8 


0.0 0.027 















































CATALOGUE OF DYNAMICAL PARALLAXES 
TABLE 53 —Continued 


































198 


THE MASSES OF THE STARS 


TABLE S 3 —Continued 


ADS 

aigoo 

5 igoo 

Mag. 

s P . 

Am 

B 

d 

Grade 

4991 

6 h iy™o 

+ 17 ° 37 ' 

6.77 

Ao 

1.0 

0^0071 

0^004 

f 

5 oa 3 s 

6 19 s 

-19 44 

6.56 

B8 

0.30 

.0066 

.003 

F: 

5062 

6 20.9 

+13 33 

6.71 

Bg 

2.5 

.017 

.011 

f 

506 7 1 

6 21.6 

+ 4 8 

8.3 

Ko 

0.0 

.048 

.044 

f 

5o6g 3 ' B 

6 21.6 

+ O 30 

8.9 

Gs 

0.7 

.0047 

.002 

f 

5088 

6 21.9 

+40 II 

7.77 

Ao 

2.1 

.012 

,008 

f 

6 b 30 

6 22.0 

-34 39 

7*15 

A3 

O.g 

.012 

.007 

F: 

6 h 3 i 

6 23.1 

-48 7 

5 *94 

2 9 

2-3 

.0073 

.003 

F: 

51073 

6 24.0 

- 6 58 

4.64 

B2p 

O.38 

.017 

008 

8 

6 h 33 

6 24.9 

-32 18 

5.80 

B 3 

1.6 

.Oil 

.006 

F 

5 IS 7 

0 25.3 

4*28 28 

8.0 

Ao 

1-3 

.013 

.009 

f 

S 1 S 3 b 

6 25.6 

4-11 19 

s.83 

Bo 

2.2 

.020 

. OOQ 

f 

SI 78 

6 26.0 

+33 33 

6.82 

A3 

0.9 

.024 

.017 

8 

Si66 d 

6 26,5 

+17 Si 

6.72 

F6 F6 

o.S 4 

.012 

.OOf) 

f 

6 h 36® 

6 27.4 

“So 10 

3-39 

F 2 

I .0 

.038 

.025 

F 

6^36®* l0 » 

6 27.4 

— 50 10 

8.96 


0.1 

.031 

.026 

F 

< 5 h 37 

6 27.4 

-40 23 

6.72 

B8 

O 3 

.OO94 

.005 

Fs 

SI 97 

6 28.7 

+14 5° 

7-44 

FS 

0.1 

.023 

.017 

8 

5228 

6 30.0 

+30 II 

8.3 

Fs 

0.1 

.0052 

.003 

8 

6 h 4o 

6 31.1 

-33 5<5 

6.72 

Fo 

0.2 

.010 

.005 

F: 

5276 

6 31.1 

+ 58 IO 

8.1 

Gs 

*■7 

.012 

.008 

8 

3269 

6 31.6 

+ 4 i 4 ° 

6.79 

B9 

1.0 

.0038 

,002 

P 

3238 

6 31.6 

+23 44 

9-0 

Fo 

0.2 

.013 

.010 

f 

6 h 42S 

6 31.9 

-36 4 * 

5.60 

Bg 

0.5 

.019 

.on 

F 

6 h 43 

6 32.0 

-38 44 

7.18 

B8 

0.1 

.Oil 

.006 

F 

— 

6 32.4 

—36 0 

6.28 

F$ 

0.4 

1 

.025 

.016 

F 

3260 

6 32.3 

“22 32 

6,23 

B8 

2.9 

.019 

.012 

F 

5289 

6 33.3 

+ 28 21 

5*84 

B8 

1.8 

1 .0041 

.002 

8 

3296 

6 33.4 

1 +41 4 

6.86 

Fa 

0.9 

1 .014 

.008 

8 

3332 

6 35'4 

I +30 47 

8.0 

F$ 

0.0 

.0079 

• 005 

f 

5323 

6 33 • 3 

+ 9 59 

4.68 

08 n 

2.8 

.012 

*<*>5 

f 

3334 

6 36.0 

+ 9 55 

9.1 


0.5 

.Oil 

.007 

P 

6 " 45 s ’ « 

6 36.0 

-48 8 

5.00 

Ko Ao 

2.3 

.022 

.010 

F 

3368 

6 36.1 

+59 33 

8.1 

f 4 

1.9 

,017 

.013 

f 

5336 

6 36,4 

- 7 54 

8.1 

B9 Bg 

0.7 

.0053 

.003 

P 

339 * 

6 37.4 

+54 27 

8.6 

Fa 

i-5 

.021 

.017 

f 

S 4 °o 

6 37.4 

+59 33 

4.89 

Asn 

0.9 

.029 

.017 

8 

6 b S2 

6 38.9 

-38 18 

6,31 

A3 

i -3 

.0060 

.003 

Fs 

5408 

6 39.1 

4-29 28 

8.6 

Go 

0.5 

,0079 

.005 

f 

343 6 d 

6 39'9 

+55 49 

5-55 

F4 F6 

0.05 

.0078 

.003 

P 

3447 

6 41.5 

4-i8 18 

6.16 

Ao 

o.S 

.014 

.008 

g 

6*“S8 

6 41.7 

“30 $i 

5.9* 

*3 

3-5 

.OO98 

.005 

F 

3443 

6 42.0 

“20 39 

8-3 

Ao 

0,0 

.013 

.009 

F 

3433 

6 42,6 

+ 0 27 

6.9° 

Aa 

0.5 

.012 

.007 

8 

343 * 

6 42.7 

“20 34 

8.1 

F8 

x .6 

O.O49 

0.045 

F: 
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THE MASSES OF THE STARS 

TABLE 53 —Continued 


ADS 

aigoo 

31900 

Mag. 

Sp. 

A»i 

n 

■! 

Grade 

595 ^ 

7 b 12^2 

+ 9° 28' 

6.99 

Go 

0.0 < 

D?02f) 

0*018 

PE 

59 6 I 

7 * 2 '3 

+16 43 

3- 6 5 

A2tl 

6.10 

.020 

.010 

f 

5956 

7 12 -4 

-11 5 1 

6.70 

F5 

0.0 

.0077 

.004 

f 

5983* 

7 14.2 

+22 10 

3.51 

ASn K6 

4 -Si 

.058 

.033 

S 

S9 8o 

7 4 -a 

+13 33 

8.3 

A2 

0.7 

.019 

.014 

f? 

6038 

7 * 4-5 

+731® 

7 - 5 i 

Ajn 

2.1 

.Oil 

.007 

K 

7 h 2 $ 6 

7 * 4-6 

-46 49 

6.76 

Ko 

1.0 

.022 

.014 

F 

6004b* d 

7 14-6 

+50 20 

6.62 

Asn Asn 

0.10 

.0080 

.003 

P 

7 h 26 

7 14-7 

- 3 ° 37 

6 88 

b 3 

o .4 

.Oil 

.00O 

1*: 

6012° 

7 14-7 

+SS «8 

5.22 

B8n Bgn 

0,92 

.014 

.oof) 

f 

7 h 27 

7 IS .o 

-36 35 

7-9 

Ao 

0.6 

.0056 

.003 

F: 

5986 

7 i 5 >i 

-21 52 

6.84 

A2 

0.1 

.012 

.007 

F 

5996 

7 15.4 

+ 0 35 

6.83 

B9 

0.4 

. OQQQ 

.005 

PE 

6006 

7 I 5-8 

+ 4 IS 

8.7 

Ao 

0.0 

.OI3 

.009 

f 

5998 

7 iS -9 

“24 14 

8.0 

B8 

0.8 

.Oil 

.007 

K: 

7 h 33 

7 17-9 

-52 8 

5.88 

F2 

0.63 

.039 

.027 

I 

6038 

7 18.2 

+31 39 

8.0 

? 9 

0.7 

.012 

.008 

K 

6032 

7 i8'.4 

- s a6 

8.9 

Ao 

0.1 

.0068 

.004 

p 

6060 

7 * 9*7 

+ 2 ° 43 

6.89 

A$ 

1.0 

,0094 

.005 

f 

6065 

7 20.8 

-30 39 

6.73 

Ba 

1.0 

.0040 

.003 

F 

7 h 4 i 

7 21.2 

-37 6 

6.28 

A 3 

0.08 

• 0037 

.003 

F 

6076 

7 a i-S 

— 20 46 

7*5 

• 

2.3 

,019 1 

.013 

F: 

6117 

7 23.7 

+50 11 

8.0 

Agn 

0.0 

-oiS 

.010 

8 

6126 

7 2 4-8 

-14 47 

5-94 


1.6 

• 04 S 

.033 

g 

6140 

7 2 S .3 

+ 5 28 

7-5 

Bg 

t -5 

.013 

.008 

I> 

6 i 5 S 

7 a6.8 

— 0 18 

9.0 

Ao 

0.0 

.013 

.oto 

f 

6185“ 

7 a8.8 

+31 11 

5-34 

Ko 

0.6 

.0075 

.003 

9 

6191 

7 28 9 

+43 IS 

6.30 

Fo 

1.6 

.0097 

.005 

l 

6180 

7 39,0 

+13 31 

7-4 

B8 

0.7 

.0080 

.004 

ft 

6184 

7 39,8 

-33 39 

7-4 

Bg 

0.6 

.0083 

.004 

F: 

6190 

7 30.1 

-33 IS 

5 -i 8 

F4F5 

0.15 

.044 

.039 

5 

6216 

7 33.0 

— 14 16 

7-15 

Bg 

0.0 

.013 

.008 

f 

6232 

7 3 3 -8 

— a 33 

7-7 

AS 

2.6 

.014 

.009 

f 

6245 

7 33-8 

- 4 46 

7-9 

Fo 

0.1 

.0054 

.003 

ft 

6254 18 

7 34-6 

— 30 3 

7-23 

A3 

0.5 

.0078 

.004 

F 

6255 

7 34.7 

-26 34 

3.81 

B8 B 3 

0.12 

.023 

.010 

F 

6263b 

7 34.8 

+ 3 38 

S.fi 

Ao 

0.3 

.013 

.006 

9 

6276 

7 3 S.o 

+37 4 o 

7-6 

A 3 

1.0 

.0075 

.004 

f 

6279 

7 36.0 

— I 10 

9.0 

Go 

0. I 

.013 

.009 

l 

7 h 62 

7 36 .* 

-37 55 

5-74 

Bs 

2.8 

.013 

.006 

F: 

6391 

7 36'3 

+ 9 57 

8.17 

Go 

0.5 

,036 

.031 

ft 

■ \a 

7 3 fi .S 

-43 3 

7-34 

Ao 

0.4 

.0060 

.003 

F: 

7 h 6 $* 

7 37.4 

“74 3 

6.40 

Bg 

0.02 

.017 

.OIO 

F 

6321" 

7 38.4 

+24 38 

3.68 

07 

5-69 

.036 

.018 

% 

6347 

7 4°.3 

+21 22 

7-47 

F2 

0.8 

0.013 

0.007 

l 
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THE MASSES OF THE STARS 

TABLE 53 —Continued 


ADS 


— 


wm 


■ 

d 

Grade 

8 h 37 

8 h 1 S *?9 

- 73 ° 3 o' 

6.65 

As 

0. I 1 

o?ois 

O^OOg 

F: 

6762 

8 16.3 

- 1 17 

< 5-35 

Ao 

0 7 

.014 

,008 

fi 

8^40 

8 18.6 

—40 40 

7.1 

rs „ 

0.4 

.025 

.Ol8 

F 

6815 

8 20.7 

+27 16 

5-56 

A3n A2n 

0 02 

.018 

• OIO 

fi 

6811 

8 20,7 

+24 5 3 

6.58 

Fi F6 

o.S 4 

.030 

.021 

fi 

6829 

8 22,4 

+ 5 * 3 i 

8,6 

Agn 

0.0 

.013 

.009 

f 

8 h 42 

8 22.6 

-38 44 

6.19 

Ao 

0.60 

.010 

.oos 

F 

6828 

8 23,4 

- 3 II 

6.29 

Fo 

0.1 

.0070 

.003 

f 


8 25.9 

-38 16 

8.2 

Ao 

0.6 

.012 

,008 

F: 

8 '> 44 !' b 

8 26.1 

-44 23 

5.06 

BS 

1.44 

.0020 

.0005 

F 

6867 

8 26.4 

+57 16 

7.8 

Ao 

2.0 

•0053 

.003 

P 

6862 

8 27.0 

-19 14 

5.38 

Ao 

0.6 

.0l8 

.010 

F 

6871 

8 28.8 

— 24 

6.is 

Ays 

0.0 

• 034 

.024 

fi 

6886 b 

8 3°-5 

+ 6 58 

5 . 7 i 

F6 Gs 

1.11 

.017 

.008 

£ 

6887”'« 

8 31.1 

-24 46 

7 - 5 i 

Go 

o.S 

,0040 

.002 

F 

69O3* 

8 34 -a 

-19 23 

6-53 

KS 

2.7 

.Oil 

.005 

F 

6914 

8 34-8 

— 22 19 

S.13 

Go 

1.2 

*°S 9 

.040 

? 

6929 

8 3 S -9 

-11 49 

7.8 

A2 

o -3 

.012 

.008 

f 

6945 

8 36 3 

+49 IS 

6.88 

Fo 

0.26 

.017 

.010 

p 

8^61 

8 37-1 

-59 58 

6.40 

Ao 

o .5 

.021 

.013 

1 

8^63 

8 38.3 

-57 « 

6.44 

A2 

2.0 

.031 

.022 

F 

696O 

8 38.8 

+ 3 7 

9.1 


0.8 

.0062 

.004 

f 

6964 

8 39 ' 1 

- 3 SO 

7.8 

A2 

1.0 

.0067 

.004 

f 

6977 

8 4°.3 

- 2 14 

6.17 

Ps P3 

1.0 

.0098 

.005 

f 

6988“ 

8 40.6 

+29 8 

4.09 

G6 As 

2.41 

■045 

.023 

f 

8 * 65 * 

8 41.9 

—S 4 3 ° 

2.01 

Ao 

3 -i 

.067 

.034 

F: 

7016 

8 42.S 

+S6 34 

£.6 

FS 

1.1 

.010 

.007 

fi 

8 b 66 

8 42.7 

— 58 21 

6.30 

B8 

0.40 

.011 

.006 

F: 

6999* 

8 42.8 

— 16 41 

6.62 

Go A2 

2.5 

.0064 

.003 

f 

7010 

8 43-4 

+ 3 59 

9.1 

F8 

0.7 

.0076 

.005 

f 

7012 9 

8 43 5 

+ 1 19 

7-7 

? s 

0.0 

.Oil 

.007 

9 

7021 

8 44.1 

+ 9 *4 

7.6 

AS 

1.1 

.0091 

.oos 

f 

7034 

8 44.4 

+ 3 S 

6.73 

F8 

0.00 

.012 

.007 

9 

7042 

8 44-9 

+ 3 i 47 

9.6 


1.0 

.017 

.014 

1 

7028 

8 4 S'° 

—26 3 

8.5 

Ao 

0.6 

.030 

.026 

F 

7054 

8 45-6 

+55 3 ° 

7.35 

Go 

0.0 

• 02S 

.018 

g 

7046* 

8 45-9 

+ 8 42 

8.0 

Ko 

1.2 

.0041 

.002 

P 

7067 

8 46.0 

+71 11 

8.6 

Mi Mi 

0.1 

.090 

.083 

9 

7049 

8 46.0 

+12 29 

7-8 

Fo 

a -3 

.019 

.014 

1 

7 oSo b 

8 46.6 

- 6 49 

$.to 

Fo 

2.0 

.021 

• Oil 

g 

7071* 

8 48.1 

+ 3 ° 57 

5.60 

G7K1 

o-S 

.Oil 

.005 

g 

7082 

8 49.0 

+a6 36 

6.67 

Gi 

1.1 

.029 

.020 

g 

7077® 

8 49.1 

— 2 6 

9.17 

F8 

0.1 

.Oil 

.008 

9 

7°93 

8 jo.6 

- 7 36 

6.03 

A3 

0.24 

.0086 

.004 

f 

7103 

8 S 3 '3 

-17 3 

6.62 

F2 

0.40 

0.024 

0.0l6 

■ t 
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ADS 

0.1000 

Jigoo 

Mag, 



hi 

d 

Grade 

7114 

8 1 

52^4 

+ 48 ° 

26' 

3-12 

A4Y1 Mi 

7.07 

0*11 

0^084 

g 

7118 

8 

53 -o 

+35 

21 

8 6 

GS 

o -5 

.018 

.014 

f 

7115 

8 

S 3 -o 

+ 12 

IS 

4 27 

Fo 

6,9 

.044 

.029 

K 

8 ll 89 l) 

8 

S 3.3 

~S2 

20 

4.77 

BS 

2.8 

•037 

.020 

F 

7121“ 

8 

54-1 

— 22 

27 

8.7 

K2 

0.7 

.0091 

•005 

F 

7139 

8 

55.8 

+iS 

41 

8.6 

K6 

0.1 

,048 

.042 

g 

7142 

8 

56.3 

— 2 

9 

8 6 


4.2 

.045 

.043 

g 

715* 

8 

56.7 

+ 3 

4 

7.01 

A2 

2.5 

,0091 

.005 

f 

7158 

8 

56.8 

+47 

33 

3.68 

Bon 

0.2 

.023 

.010 

g 

8 h 96 

8 

58.7 

-Si 

48 

S .42 

b 9 

1.6 

.014 

,008 

g 

7182 

9 

i *4 

+ 3 

13 

7*9 

FS 

0-3 

.024 

,018 

f 

7187 

9 

1 ■ 7 

+23 

23 

6,30 

F3 F4 

0 5 

.024 

• 01 5 

f 

9 ' 4 d 

9 

2.4 

-49 

45 

7.77 

Ao 

0-3 

.0080 

.004 

F: 

7198 

9 

2.9 

- 6 

44 

8.4 

Fq 

3-3 

.045 

.044 

f 

7215 

9 

4*3 

+ 3 

21 

7-7 

Fo 

1.6 

,0066 

.004 

P 

7229 

9 

4-5 

+70 

23 

8.48 

G S 

0.2 

.012 

.008 

g 

7217 

9 

4.9 

— 28 

25 

9.3 

F8 

0.0 

.017 

.013 

F: 

7251 

9 

7-7 

+53 

7 

7.20 

Mo Mo 

O. II 

. 22 

.22 

g 

9 hj 3 

9 

8.8 

-43 

12 

5.74 

B8 

0.8 

.010 

.005 

F 

7263 

9 

10.4 

-19 

42 

7-34 

Ao 

i -3 

.020 

.014 

F: 

7270 

9 

11.2 

- 7 

56 

7.08 

A5 

0-5 

.018 

.012 

g 

7281 

9 

11 .5 

+ 24 

4 

7.20 

FS 

0.30 

,026 

.019 

g 

7276 

9 

11.S 

+1 

9 

6.54 

FS 

4.5 

•033 

.025 

f 

9 h l 9 

9 

11.6 

-45 

8 

6.34 

Ao 

1.1 

.012 

.006 

F: 

7277 

9 

11.8 

— 22 

43 

8-4 

AS 

1.0 

•0033 

.002 

F 

7286 

9 

12.3 

+35 

47 

5-76 

A 411 

0-3 

.Oil 

.005 

g 

7292^ 

9 

12.6 

+37 

14 

3.82 

Bgn 

*.85 

.016 

.006 

g 

7294 

9 

13-0 

+21 

14 

8.6 

FS 

0.5 

.012 

.009 

g 

7303 

9 

13.8 

+Si 

42 

6.12 

F+ 

4.1 

.043 

.034 

g 

7307 

9 

14.7 

+38 

37 

5.86 

F3 Fa 

0.2 

.035 

.024 

g 

73:2 

9 

IS-8 

-23 

3 

7.58 

Fo 

1.8 

.0040 

.002 

F 

7344 - 

9 

18.1 

+28 

20 

8,1 

FS 

1-5 

.014 

.010 

g 

7354 ” 

9 

18.6 

+54 

27 

7.36 

A2 

1.0 

.0051 

.002 

f 

7341 * 

9 

18.9 

+18 

34 

7.12 

Go 

1-5 

.OIO 

.005 

£ 

736° 

9 

19.0 

+54 

10 

9.0 

Ko 

0-5 

,0088 

,006 

f 

73 S 2 

9 

19.2 

+ 6 

47 

6.81 

FS 

0.1 

.023 

,016 

g 

735 ° 

9 

19.3 

-23 

14 

7-7 

F2 

2,8 

. 0 O §2 

.005 

F: 

7356 

9 

19.8 

-23 

23 

S’ 4 


0.1 

.0068 

.004 

F: 

736s 

9 

20.2 

+29 

5 

8.1 

F8 

0.2 

.Oil 

.007 

f 

7378 

9 

21.2 

+45 

22 

9.1 

A3 

0.0 

.0071 

.005 

f 

7384 

9 

21.9 

+31 

55 

8.7 

Go 

0.2 

,011 

.007 

f 

7380 

9 

22.0 

+ 6 

4 i 

6.71 

F .5 

0.0 

.020 

.013 

g 

7379 

9 

22.4 

— 28 

21 

6,02 

B8 

0.8 

.OIO 

.005 

F: 

739 » 

9 

23.6 

+42 

42 

7.81 


0,0 

.OIO 

,014 

£ 

7402 

9 

23.7 

+63 

30 

3.75 

A 41% 

5.34 

0,058 

0,038 

g 
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ADS 

axgoo 

SlQOO 

Mag. 

Sp. 

Am 

Ax 

d 

Grade 

742s 

9 h 

26 m O 

+ 67 ° 

14 ' 

7-37 

F .5 

0.01 

0^0045 

0*002 

f 

74x2 

9 

26.3 

+ I 

54 

6-95 

F8 

1.0 

,ox6 

.0X0 

l 

9 h 39 

9 

26.5 

-31 

27 

5.94 

Ao 

0,86 

.0023 

.0008 

F 

7446 

9 

28.4 

+73 

32 

6-43 

Fo 

0.07 

.026 

.017 

f 

'7435 

9 

29.6 

+ s 

42 

8-7 

Ko 

1.0 

.0x2 

.008 

f 

7441 

9 

29.7 

+36 

16 

548 

Ko 

8-5 

•IS 

-14 

g 

9 1, 47 

9 

30.2 

-48 

34 

5-35 

B3 

0.60 

.026 

.015 

g 

745*5 

9 

31.6 

+16 

42 

7-7 

F8 

O. I 

.0058 

.003 

P 

9 h S° 6 

9 

31-7 

-30 

47 

7.42 

A3 G 

0.Q 

.024 

.0x8 

F 

9 h 5 i 

9 

32,8 

—48 

18 

6.48 

Fop 

2.8 

.030 

.021 

F: 

7477 

9 

35-2 

+39 

25 

6.96 

Ga 

i -3 

.029 

.021 

g 

75 oo 

9 

38.2 

+ 3 

5 

7-32 

F8 

3-2 

.023 

.017 

g 

7503 

9 

3 8 -7 

+43 

42 

8.1 

f 5 

0.4 

.020 

.015 

f 

9 "^S 

9 

44*5 

-34 

33 

7.31 

A 3 

0.0 

.010 

.006 

F: 

7530 

9 

44-5 

+17 

2 

8.5 

Go 

2.2 

.011 

.008 

f 

7527 

9 

44.6 

— 10 

5 

9-1 

Fo 

0.2 

.0069 

.004 

P 

9*66 

9 

44.6 

-64 

36 

3.08 

2.88 

.0085 

.003 

F 

7541 

9 

45 *i 

+36 

58 

7 * 8 i 

F2 

0.0 

.0071 

.004 

f 

7551 

9 

46 7 

+ 27 

27 

8,1 

Gp 

1.0 

.030 

.024 

g 

7566 

9 

46,8 

+69 

23 

8-7 

F 5 

0.0 

.0082 

.005 

f 

757 ° 

9 

49.6 

-27 

32 

6.88 

£9 

2.6 

.0069 

.004 

F 

7588 

9 

5 o -9 

+46 

23 

8.6 

Go 

1.0 

.022 

.018 

£ 

7598 

9 

52-4 

+53 

44 

8.5 

F8 

0.7 

.0094 

.006 

g 

7611 

9 

55 *o 

+69 

16 

79 

F 5 

3-2 

.02a 

.017 

g 

7613“ 

9 

56.3 

+46 

5 i 

8.17 

G$ 

1.0 

.0077 

.004 

f 

7616 

9 

56.6 

+58 

1 

8.9 

GS 

0.7 

.0x0 

.007 

g 

7629 

9 

59-8 

27 

54 

7.39 

F8 

o -3 

.024 

.017 

F 

7632 

9 

59-9 

+ 3 i 

35 

7.86 

Agn 

0,7 

.005a 

.003 

P 

IO“l 

xo 

o -5 

—61 

34 

6-34 

B8 

i -4 

.014 

.008 

F: 

7644 

10 

2-3 

-24 

13 

7.16 

F8 

0.1 

.026 

.018 

f 

7647 

10 

2,6 

-19 

13 

7.3° 

Ao 

o *5 

.008a 

.004 

f 

7664 

10 

2.7 

+73 

3 i 

8.9 

F 2 

0.8 

.0x6 

. 0 X 2 

f 

7654’ 

10 

2.9 

+12 

29 

7.64 

Ki 

5-4 

•043 

•037 

P 

76 S 5 t 

10 

3.6 

7*9 

15 

7.24 

F 8 

3-5 

.0x7 

.012 

F 

7662 

10 

3-8 

+20 

49 

6,6s 

F$ Aa 

0.0 

.0x6 

.0X0 

1 

7677 

10 

6.6 

+ 21 

48 

9.0 

F8 

0.0 

.016 

. 0 X 2 

f 

7679 

10 

6,9 

+ l6 

50 

9.0 

Go 

0.0 

.0X2 

.009 

f 

ro h J4 

10 

7,0 

-68 

12 

6.06 

Ao 

0,1 

.014 

.007 

F: 

7685 

10 

7-5 

+27 

55 ! 

8.2 

G 5 

1 -7 

.013 

,009 

g 

7695 

10 

9 7 

+19 

37; 

8.0 

Fa 

0.1 

.0055 

.003 

f 

77 °S 

io h i8 

10 

10 

9-8 

10,4 

+ 7 i 

783 

34 I 

35 

6.09 

7-31 

v 

0,62 

0-5 

.0X2 

■034 

.007 

,026 

f 

f 

7704 

xo 

10,8 

+18 

14 

6,56 

F 2 

0.2 

,022 

.0x4 

g 

7712 

10 

11.8 

+*3 

37 

5 - 8 S 

£3 

5-6 

.038 

.028 

F 

7715 

10 

12.s 

+ 20 

2 

7-9 

Fa 

1.0 

0,0078 

0.004 

p 
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TABLE S 3 —Continued 


ADS 

aigoo 

aigoo 

Mag. 



ht 

d 

Grade 

— 

IO b I 2 I ?6 

- 59 ° 24 ' 


mm 


0^019 

0 ?OI 2 

F 

7721 

10 13.7 

+21 4 

BjjQH 



.026 

.020 

g 

7722 

IO 14 4 

— 22 40 


HUH 


.012 

.008 

F: 

77 * 4 * 

io 14.s 

+20 21 

2.30 

Ki G5 

1.19 

.044 

.017 

g 

773 ° 

IO 15.4 

+ 6 56 

7.9 

fs 

°-S 

.011 

.007 

g 

7737 

10 is.9 

+44 *6 

7.04 

|s 

°-5 

.0040 

.002 

f 

773 s 

10 16.7 

— 9 16 

77 

Gs 

0.6 

.025 

.Oig 

g 

7739 

10 16.9 

— 22 1 

6.4s 

Ao 

i .7 

.011 

.006 

F 

IO^I 5 

10 17.2 

-ss 3 * 

4 7 ° 

Bsp 

4.78 

.°iS 

.008 

F 

7744 

10 17.4 

+15 SI 

7-37 

G2 

3 -S 

.049 

.044 

g 

7758 

10 19. s 

+25 7 

8.2 

Gs 

0,0 

.022 

,017 

g 

7762 

10 19.7 

+53 8 

7-36 

FS 

°*3 

.018 

.012 

f 

7764 

10 20.3 

+ 9 17 

7.7 

Fo 

i -7 

.014 

.009 

f 

7773 

10 21.4 

+17 44 

7.42 

F8 

°*5 

.0076 

.004 

f 

7778 

10 21.7 

4“i8 34 

8.7 

Gs G S 

0.0 

► 030 

.026 

g 

7779 ' 

10 22.3 

+ 44 

7.22 

Go 

1.9 

.014 

,008 

g 

778 s 

10 22,7 

+46 28 

8-5 

Go 

0.8 

.012 

.008 

i 

7792 

10 23.9 

+ 10 40 

7-6 

F8 

1.9 

,010 

.006 

f 

7802 

10 24.7 

+ 21 20 

8.4 

GS 

°.5 

.023 

.018 

g 

I 0 h 4 ° s ’ b 

10 25.0 

—30 6 

S-6S 

Bg 

3.80 

.0058 

.002 

F 

78x7 

10 26.s 

+ 22 33 

7 *45 

Fo 

0.6 

.0074 

.004 

f 

7827 

10 27.s 

+38 ii 

9.2 

Go 

0.0 

.020 

.017 

f 

7833, 

10 28.3 

+23 s* 

7.10 

A2 

1.8 

.0086 

-00s 

P 

783 7 h 

10 29.8 

+ 910 

S'70 

Ao 

2.7 

.Oil 

.005 

f 

7839 

10 29.9 

+26 48 

9.6 


1.0 

.022 

.019 

f 

7846 

10 31.4 

—2610 

6.2s 

Is 

1.3 

.028 

.019 

g 

7834 

10 32.0 

— 8 19 

7.1a 

Go 

3.2 

•°45 

.038 

f 

7860 

10 32.6 

+27 7 

M 

Ko 

2.7 

.030 

,026 

f 

io b 59 «' b 

10 33.1 

-47 42 

4.06 

F2 A3 

°.S 

.044 

.022 

F 

7864 

1° 33-5 

+ 6 IS 

7.6 

F2 

0.9 

,021 

• OI 5 

g 

7873" 

10 34.5 

+38 SS 

8.0 

K5K3 

°-5 

.OO96 

.004 

P 

7871 

10 34 .S 

+ 9 22 

7-9 

F6 

mSm 

,017 

.012 

? 

7878 

10 34.8 

+42 4 ° 

7.8 

F2 

EteJ 5 

.Oil 

.007 

1 

7888 

10 36.4 

+11 16 

7.6 

A.2 

US 

.0083 

•°°5 

g 

7898 

10 37-3 

+ 4 S 7 

9.0 


°-3 

.Oil 

,007 

P 

7896 

10 37 .S 

+ 46 

6.63 

FS 

x.$ 

.015 

.009 

f 

7902* 

10 38.1 

+ S 16 

5-99 

K4. Gy 

1.04 

.0073 

.003 

% 

7901 

10 38.3 

—20 30 

9-6 


0.1 

.010 

.007 

F: 

79 i a 

10 39,4 

+ 4 34 

8.65 

Fo 

3.2 

,012 

,009 

f 

io^o 6 

10 40.3 

—59 3 

7.60 

a 3 b 

0.07 

.OO38 

.002 

F: 

7926 

10 41.9 

+23 6 

8.2 

Fo 

°*9 

.0073 

.004 

g 

7929 

10 42.3 

+41 38 

6.85 

A3 

0.4 

.OIS 

,009 

g 

10*74* 

10 42.S 

-48 54 

2.84 

0$ 

4*5 

,046 

.022 

g 

7930a 

10 42.7 

-14 43 

6.89 

F S 

o -3 

.018 

.012 

f 

7936 

1° 44-3 

- 3 30 

6.49 

A2 

0.8 

0,018 

O.OII 

g 






















206 


THE MASSES OF THE STARS 


TABLE 53 —Cotitimed 



ocfcl tC tC C< fcCi_ fcC«~. tCM-. be tc CVh to p. to«« fe tc afe 
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TABLE 53 —Continued 



be be bCt-i be b£(_1 Pm to Pm »_ Pm Pm 
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THE MASSES OF THE STARS 


TABLE 53 —Continued 


ADS 

QI 900 

fligoo 

Mag. 

Sp. 

Aw 

ht 

d 

Grade 

8477 1 

12 b IO I l[ l O 

- 6° 42' 

7.42 

G$ G8 

0-3 

0T051 

0T040 

g 

8480 

12 10,4 

+40 41 

8.8 

K2 

2.0 

.014 

.010 

P 

8481 

12 10.6 

-23 47 

6.42 

Fs 

O.4 

.028 

.019 

g 

8486 

12 IO.9 

+ 6 11 

10.0 

K 6 


.043 

.044 

g 

8489' 

12 II.I 

+4113 

5- 80 

Mo 

3.08 

.0098 

.004 

f 

8498 

12 12.0 

+70 43 

8.2 

Go 

0.2 

.0098 

,006 

f 

I2 h 25 s 

12 12.6 

-35 32 

6.28 

Ao 

0.2 

.0079 

.004 

F: 

8505 

12 I3.O 

- 3 23 

6.05 

Fj FS 

0.32 

.025 

.016 

f 

8506 

12 13.6 

+12 21 

8.7 

Gi Gi 

0.2 

.018 

.014 

f 

8508 

13 143 

+1817 

7-9 

FS 

1.6 

.013 

.009 

g 

8515* 

12 15,0 

-21 37 

6.11 

GS 

2.5 

.016 

.008 

F 

8519 

i3 is.7 

+37 37 

6.30 

F 2 

0.1 

.015 

.008 

P 

8531 

13 17. S 

+ S 52 

6.46 

Fj 

2.8 

•051 

.042 

g 

8534 

12 18.5 

+14 27 

8-3 

GS 

3*5 

.027 

.022 

f 

8 S 35 ‘ 

12 ig 0 

+54 43 

7.71 

G 5 

0.8 

.0075 

,004 

g 

8540 


+43 39 

7.84 

Fo 

o *3 

.0028 

.001 

f 

8546 

12 2O.9 

+45 18 

8.0 

FS 

0.8 

.013 

.009 

f 

,s&. 

12 21.0 

- 3 S6 

8.1 

FS 

0.8 

.0097 

.006 

f 

12 21.0 

— 62 32 

105 

Bi 

°* 5 I 

.030 

.008 

g 

8549 

12 21.3 

— I 20 

8.9 

FS 

0.3 

.023 

.020 

f 

8S S° 

12 21.6 

+ 0 23 

7-65 

AS 

3*5 

.015 

.011 

f 

8SSI 

12 21.6 

- S a 

7.50 

F2 

o *5 

.0092 

.005 

P 

12*45* 

12 22.3 

+37 36 

8.6 

Ks K6 

0.5 

•033 

.027 

g 

12 22.7 

—6l 12 

6.51 

Go 

0.6 

.040 

.029 

F 

8562 

12 23.3 

+37 14 

9.0 


i *5 

.021 

.017 

f 


12 23.3 

+ 4 S si 

6.91 

F8 Gi 

°-55 

.027 

.019 

f 

8573 

12 24.9 

—12 so 

6.41 

F8 

3*8 

.046 

.037 

g 

8576 

12 25.5 

+ 43 

7-38 

G7 

2.0 

.026 

.018 

P 

8 £ 7S « 

I 3 “S 3 ' 

13 3 S-S 
12 26.0 

+10 17 
-40 57 

7*9 

7.86 

FS 

Fo 

0.3 

1.2 

.016 

.0068 

.012 

.004 


8S86 

12 26.7 

+37 33 

9.2 

Gs 

1.8 

.022 

.019 

f 

8598 

12 29.5 

+ 6 32 

8.5 

FS 

0.1 

.0076 

.005 

f * 

8601 

12 30.0 

+ 7 59 

7.72 

F8 

i *5 

.027 

.021 

g 

86oo°-« 

12 30.I 

+18 S6 

4-94 

Go A os 
Go Go 

i *54 

•034 

.016 

f 

8606 

12 3I.O 

+« S 7 

8.3 

0.0 

.022 

.017 

g 

86ll 

12 32.2 

+ 3 i 45 

7.71 

Fi 

°g 

.0090 

.005 

6, 

12*58 

12 32.5 

-SS »3 

6.96 

As 

1.8 

.024 

.017 

F: 

12 34-3 

-36 44 

8.6 

|S 

0.3 

.034 

.028 

F 

8625 

13 35-9 

+ 9 *3 

7.12 

F2 

0.5 

.0071 

.004 

f 

8627*' d 

12 36.I 

— 12 28 

5.28 

F6 Fl 

0.10 

.028 

.014 

g 

863s* 

12 37.2 

+36 54 

9.6 

Ko 

0.4 

.036 

.036 

g 

i 3 h 68 b 

12 40,1 

-67 34 

3.36 

?3 

0.3 

.036 

■015 

g 

86s 7 

12 40.2 

— 3 30 

6.84 

A3 

0.4 

.016 

.010 

P 

8673 

12 44-3 

+ 22 20 

9*3 

Gs 

2.2 

.011 

.008 

f 

i 

8677 

12 45.2 

+24 41 

9.6 

0.7 

0,0070 

0.005 
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13 20.8 

-22 43 

13 2I -S 

+45 1 

13 2I-7 

— 21 51 

13 22.2 

-43 15 

12 23.6 

+16 14 

13 24 - 2 

+12 0 

13 24.4 

+22 42 

13 25.2 

+60 26 

13 25.2 

-38 54 

13 25*5 

+ 8 0 

13 25.8 

—61 50 

13 27.9 

+3719 

13 28.3 

+35 a S 

13 28.8 

+49 39 

13 29,0 

+30 IS 

13 29.0 

+ 9 18 

13 39.1 

— 8 6 

13 29,2 

+ 0 12 

13 29*3 

— 12 42 

13 31.1 

- 3 i 54 

13 31*2 

+68 17 

13 31.3 

-25 59 

13 32.1 

-34 33 

13 32.3 

— 10 17 

13 32.3 

— 7 22 

13 33-7 

+39 41 

13 33-7 

+51 13 

13 34.1 

+ 70 l6 

13 35<3 

“54 3 

13 35-9 

+20 28 



Ajs Ays a ,9 



13 43.5; 

3 46.0 

3 46,3 


13 47.7 
13 49 -o 


13 49-7 
13 49*7 
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ADS 

aigoo 

6 igoo 

Miff. 

Sp. 

A m 

B 

B 

Grade 


I 3 u 49"'9 

+ 30 ° 

25 ' 

7.38 

F 2 

2.9 

o!ois 

0T010 

f 

qo6o 

13 

51*3 

+ S 

47 

7-9 

FS 

0-5 

.0081 

.005 

f 

Q064 

13 

5 i .5 

- 

-27 

2 

8.1 

G S 

0.8 

015 

.010 

F 

9067 

13 

S2.8 

+34 

56 

8.47 

Go 

0.2 

.0093 

.006 

f 

9073 

13 

53-3 

+ 2 

43 

8.S 

Go 

0.0 

■015 

.011 

I 

907s 

13 

53*5 


-25 

4 

9.20 

F8 

0.1 

.0083 

.006 

F 

9071 

13 53-9 

+52 

29 

8 7 

Gs 

0.1 

.043 

.041 

g 

9069 

13 

55-2 

+78 

53 

7-9 

F 2 

1.8 

.022 

.017 

g 

0084 

13 SG.6 

+25 

5 i 

9-3 


°i 3 

.012 

.009 

g 

I 3 “I 02 

*3 

57-2 


-31 

12 

6.32 

PS 

2.3 

.051 

.041 

g 

0089 

13 58.6 

+57 

42 

7.8 

FS 

o -3 

.013 

,008 

g 

I 3 b I 03 « 

13 

59 *o 

-49 

55 

7-3 

Ko 

0.1 , 

.0068 

. .003 

F: 

9I06 6 

14 

0.6 

- 

-26 

6 

7 . 6 s 

Fo 

0.00 

.016 

1 .Oil 

F 

I 4 U 3 

14 

1.2 

- 

-49 

24 

6.59 

Go 

0-3 

-033 

-023 

F 

9115 

14 

2.7 

“ 

-12 

27 

7.39 

p 7 

0.9 

.040 

•°33 

g 

9116 

14 

3-3 

+25 

12 

9.0 

G 

1.0 

.oir 

.008 

g 

9118 

14 

3-6 

+21 

40 

8.2 

F8 

1.0 

- .015 

.010 

f 

QI 2 I® 

14 

4.0 

+37 

13 

8.2 

Go 

0.8! 

.0030 

! .001 

p 

i 4 h 9 

14 

4-6 

- 

-46 

26 

7-9 

F 2 

0.7 

.022, 

.016 

F: 

9136 

14 

5-6 

+27 

5 

8.4 

Gs 

1.0 

.015 

, .011 

l 

9144 

14 

6,i 

- 

- 2 

52 

8.1 

F8 

0.4 

.018 

1 .012 

p 

9149 

H 

6*3 

- 

-28 

25 

8.8 

v$ 

0.2 

.013 

.009 

F: 

9 f 56 

14 

7 -i 

- 

-29 

32 

8.8 

F 2 

0-3 

.023 

1 .OI9 

F: 

I 4 h i 2 

14 

7-7 

- 

-61 

14 

6.52 

Oes 

2.0 

.011 

1 '°°S 

F: 

9160 

H 

7-9 

+11 

32 

8*4 

A 3 

0-3 

.0040 

, .002 

g 

9158 

14 

8.0 

+39 

11 

7.56 

F 2 

0.2 , 

.0067 

.004 

g 

9159 

14 

8*3 

+44 

39 

7.67 

F 3 

0.2 

.012 

.007 

g 

9163 

14 

8*4 

+ 5 

53 

7-7 

a 3 

0.1 

.0084 

.003 

f 

916s 

14 

8.6 

+ 13 

3 

8.1 

Go 

0.4 

.014 

.010 

g 

9170 

14 

8.9 


- 8 

4 

8.7 

F2 

0.1 . 

.012 

: .008 

r 

9168* 

14 

9 -o 

+ 12 

28 

6.63 

Ko 

2.2 

.014 

i *°°7 

p 

9174 

14 

9-4 

- 

H29 

35 

6.76 

Fo A2 

O.lO 

• OI 5 

f .009 

.g 

9177 

14 

9-7 

- 

h 37 

10 

8.4 

F8 

o *5 

.013 

1 *°°9 

g 

9Ifi7 b d 

14 

9-7 

H 

h 55 

48 

8.2 

K 5 K 5 

0.3 

•P 37 

.031 

g 

9 i 73 b,d 

14 

9*9 

- 

h$a 

16 

4.44 

A?nFi 

2.01 

.034 

1 .017 

g 

9182 

14 

xo.3 

+ 3 

35 

7.04 

F7F8 

0.1 ‘ 

.040 

' .03a 

g 

9 i 85 9 

14 

10.9 

+ 10 

46 

8 * 7 ' 

Ko 

o *5 

.014 

.010 

g 

9183 

14 

“•4 

+47 

26 

-8.4 

F8 

1.0 

.0023 

f .001 

P 

9^03 

; *4 

11.8 

- 

-27 

22 

9 *L 

*5 

0.4 

.024 

.020 

F 

9192 

14 

11.9 

+20 

35 

6.36 


i *7 

.041 

.031 

g 

9207 8 

14 13*4 

- 

-27 

3 

8-5 

Fs 

0.1 ( 

.011 

, .007 

F 

9197 

14 

12.9 

- 

-57 

11 

7.03 

Fo 

2.7' 

.015 

. .OIO ! 

f 

9205 

14 13-2 

H 

-45 

58 

9.1 

• G, 

o.6 

.0084 

i ,006 

g 

9215* 

14 * 3-9 

H 

V 4 

21 

8-7 

GS 

0.0 

.0059 

i .003 

g 

9219 

14 

14.1 


-13 

16 

8.1 

Go 

o *5 

0.023 

0.018 

g 
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ADS 

aigoo 

firgoo 

Mag. 

Sp. 

Am 

n 

d 

Grade 

935 ° 

* 4 * 

38^3 

+ 5 i° 

48' 

7.24 

Fo 

0.0 

o?oi6 

0T010 

g 

9357 

14 

39.5 

+ 6l 

41 

6.17 

f 4 

2.2 

.034 

.024 

g 

93^6 

14 

39-9 

+ 8 

7 

8.3 

Js 

0.5 

.024 

.019 

g 

9375 

14 

40.2 

-2$ 

1 

5.03 

Fx Fg 

1.88 

.037 

.023 

p 

937 a* 

14 

40.6 

+ 27 

30 

2.59 

Ko Ajn 

2.42 

.020 

.007 

g 

9379 

14 

4 i. 1 

- 6 

58 

7-9 

Go 

o.S 

.018 

.013 

g 

9387 

14 

43 -o 

— 16 

55 

6.97 

g 7 

0.8 

.031 

.022 

g 

9396 

14 

43-8 

7 r 3 

44 

s.38 

A4SP A45P 

0.9 

.027 

,016 

g 

9392 

14 

44.0 

4 - 6 

23 

6.72 

F8 

0.0 

.021 

■ 013 

g 

9389 

14 

44.0 

+34 

47 

6.05 

FS 

1.6 

.017 

.010 

g 

9397 

14 

44-4 

+ 10 

38 

8.5 

G S 

0.0 

.033 

.029 

g 

l 4 b 9 i B 

14 

44.6 

-47 

0 

7*5 

Ko 

1.0 

.011 

.005 

F: 

9400 

14 

44.8 

+ 8 

24 

6.9s 

Fs 

0.2 

.012 

.007 

f 

9407 

14 

45-4 

+ O 

23 

8.5 

FS 

0.5 

.015 

.Oil 

f 

I 4 ,l 92 

14 

45.7 

—66 

0 

7.4 

Go 

0.2 

.042 

•03s 

f 

9410 

14 

46.2 

+ 10 

8 

7.42 

Ko 

2.0 

,020 

.013 

f 

9406° 

14 

463 

+49 

7 

5.64 

F 6 Fx 

0.7 

.020 

.010 

g 

9418 

14 

47.8 

+ 4 S 

21 

7.78 

Go 

0.1 

.OI9 

.013 

g 

94*3 

14 

47.9 

+ 19 

9 

8.0 

Go 

1.7 

.025 

.020 

g 

9435 

14 

48.7 

+ 16 

6 

6.43 

F 9 

0.7 

.032 

.022 

g 

9358 " 

14 

49.6 

+86 

22 

7.02 

Ko 

3 .o 

.0059 

.003 

f 

9436 

14 

50-3 

+ 0 

34 

9.0 

F8 

0.1 

.0079 

.005 

g 

9435 

14 

So.4 

+34 

30 

8.52 

Go 

i -7 

.Ol6 

.012 

f 

944 ° 

14 

50.5 

-24 

16 

9-4 

Go 

0.6 

.0076 

.005 

F: 

i4"xo4* 

14 

Si -4 

“34 

59 

7.06 

Ko 

1.6 

,0073 

.003 

F: 

94439,1 

14 

Si -5 

+ 3 

19 

8.1 

Ko 

o.6 

.0063 

.003 

g 

9446 

14 

Si.6 

— 20 

58 

S -76 

Ks Ms 

2 18 

.23 

,22 

g 

9441 

14 

51.9 

+40 

3 

7.92 

Fo 

0.0 

.Oil 

.007 

f 

9453 

14 

S 3 .8 

-27 

IS 

5.68 

As 

0. z 

,015 

.008 

g 

9463 

14 

54.4 

+17 

56 

9-4 


0.0 

.018 

.OI4 

f 

9476 ' 

14 

36.0 

- 3 

42 

9.2 

K2 

3 -o 

■075 

.086 

g 

9475 

14 

565 

“19 

53 

8.2 

F8 

Z.o 

.0088 

.005 

F 

O48O* 

14 

S< 5.7 

+ 0 

14 

5 . 9 i 

Ms 

2.3 

.0039 

.002 

1 


14 

S8.3 

-46 

40 

4.02 

55 

0.10 

.020 

.009 

g 


14 

S 9-3 

+ S 

52 

6.44 

Fo 

0.28 

.025 

.017 

g 

9497 

15 

0,2 

- 6 

38 

7 -S 2 

Go 

°.S 

.025 

.018 

g 

9496 

15 

0 9 

+34 

Si 

8.42 

F8 

1,0 

.0095 

.006 

f 

9504 

15 

2.0 

— 1 

54 

!•! 

F8 

0.5 

.Oil 

.008 

f 

9507 

15 

2.8 

+ 9 

37 

6.69 

GS 

0.0 

.020 

.012 

f 

9514 

IS 

3.5 

— 0 

36 

8.5 

Go 

0.1 

,Ol6 

,012 

f 

9516 

IS 

3.6 

- 6 

12 

8.6 

F2 

0-5 

.0084 

.005 

g 

9517 

15 

3.9 

+ 2 

3 

7.8 

Fi 

4.3 

.035 

.032 

f 

9518 

IS 

4.1 

+ 5 

34 

8-5 

F2 

0.8 

.023 

.019 

f 


15 

f 2 ! 

— 22 

20 

8.0 

FS 

1.8 

.0050 

.003 

F: 

9537 

IS 

6.1 

+39 

21 

7.93 

F8 

2 ■ s 

0.025 

0.020 

f > 
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ADS 

aigoo 

01000 

Mag. 

Sp. 


m 

d 

Grade 

10448 1 

I7 1 

'iS“° 

+6 o° 49' 

6.73 

Agn 

3-3 

0^036 

0T028 

g 

10460 

17 

15.4 

+49 24 

8.8 

Ko 

0.5 

.017 

• 013 

g 

10J09 

17 

17.6 

- 

-21 37 

8.17 

F8 

0-5 

.013 

.008 

F : 

1 7;*47 

17 

l8.1 

- 

-30 26 

7.8 

Ko 

0.7 

.018 

.012 

F: 

i 7 u 52 s 

17 

19-5 

- 

-45 45 

5-55 

b 9 

o*3 

.017 

.OO9 

F 

10526 

17 

20.2 

+3714 

4.14 

Bgn 

0.95 

.021 

.OIO 

g 

10523 

17 

20 2 

+4313 

9 3 

Gs 

0.0 

.0x3 

.OIO 

g 

10547 

17 

20.6 

- 

-26 15 

7-37 

J3 9 

2.3 

.024 

.0x8 

F 

10540 

17 

2X.I 

+30 50 

8-7 


o^5 

.0 33 

.028 

f 

10564 

17 

22.5 

■ 

-25 26 

7.°5 

Fo 

0.4 

.0074 

.004 

F 

10576 

17 

23.8 

- 

- 9 54 

7.8 i 

F2 

0.1 

.0077 

. 004 

f 

10575 

17 

24.O 

+10 34 

9.1 

Ks 

o*5 

.021 

.010 

f 


17 

24.0 

- 

-37 

6.73 

Ao 

0.4 

.023 

.015 

F 

i7 h 66 

17 

24.7 

- 

-40 58 

7.46 

B9 

0.3 

.0054 

.003 

F: 

10567 

17 

24.9 

+S6 26 

8.8 


2-5 

.014 

.010 

£ 

i7 h 7o 

17 

25.9 


-3° 2 3 

8.1 

A 5 

0.6 

.0076 

.004 

F: 

10580 

17 

26.1 

+56 14 

9.1 


0.2 

.014 

.011 

g 

10597 

17 

26.6 

+5° 58 

6.97 

Fo 

0. 2 

.OO89 

.005 

g 

IO6Z4 

17 

27.1 

+ 2 S4 

7-7 

B8 

1-5 

.OO84 

.005 

g 

X062X 

17 

28.5 

+28 53 

8.1 

F2 

0.0 

.0X1 

.007 

8 

IO648 

17 

30.8 

+13 26 

77 

A3 

2.2 

.0096 

.006 

g 


17 

33.3 

- 

-72 10 

6,66 

F5 

0.4 

• 053 

•043 

F 

IO669 

17 

32.8 

+12 36 

8.6 

F S 

0.5 

,010 

.007 

f 

IO696 

17 

34-8 

- 

- 0 35 

6.66 

Ao 

0.0 

.0062 

.003 

g 

IO699 

17 

36.7 

+55 48 

7.34 

F5 

0,6 

.024 

.018 

* 

10723 

17 

37-5 

- 

-16 0 

5-58 

Fi 

5.9 

• 045 

.034 

g 

X0722 

17 

38.1 

- 

b4i 42 

6.97 

A2 

0.3 

.0073 

.004 

g 

X074I 

17 

39.0 

- 

5 53 

7.9 

Ao 

0.8 

.0029 

.001 

f 

10748 

17 

39-4 

- 

-3 1 

8.6 

Ko 

2.7 

.033 

.029 

f 

X0728 

17 

39-6 

" 

1-63 44 

6.83 

F5 

X . 2 

.025 

.0x7 

g 

10765 

17 

4X.1 

+31 II 

752 

F8 

°’§ 

.015 

.009 

1 

10775 

17 

41-3 

— 4 26 

9-3 

Ga 

1.8 

.033 

.032 

f 

XO769 

17 

41-3 

+17 45 

79 

Ko 

0.4 

.028 

,021 

g 

X078X 

17 

41. 5 

— 1 10 

8.1 

Gi 

1.0 

.0 33 

.028 

f 

10773 * 

17 

41.8 

+ 3 ° 34 

8.9 

0$ 

0.0 

.0050 

.002 

f 

10784 

17 

42.1 

+14 4$ 

8.09 

Go 

0.4 

.016 

.0X2 

£ 

10777 

17 

43.5 

+5158 

9.1 

K2 

o.S 

,060 

.063 

f 

I0 795 b 

17 

43.7 

+17 44 

5.58 

Ao 

2.0 

.0096 

,004 

g 

IO81O* 

17 

44.8 

+ ° 33 

8-5 

0$ 

0.2 

.0047 

,002 

g 

IO828 

17 

45-7 

+ 7 16 

7.7 

F2 

0.5 

.0088 

*005 

g 

108383 

17 

45.9 

— 28 27 

10.0 


0.4 

.030 

,026 

F 

xo8a 7 

17 

46,2 

+25 19 

6.57 

A2 

i *5 

,ox6 

, 0 X 0 

g 

i7 h xoo 

17 

46.7 

-34 42 

6.20 

B9 

o.x 

.0x0 

.005 

F 

X7 h iox*»* 

17 

46.7 

734 53 

5.68 

Ko 

0.6 

*0085 

.003 

F 

10832 

17 

46,9 

+35 »8 

8 .x 

Go 

2.0 

0,0x2 

0,008 

f 
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ADS 

01900 

SlQOO 


Sp. 

Am 

In 

d 

Grade 

10850* 

I 7 1, 47“5 

+15° 21' 

6 54 

Ko 

0.2 

0*010 

0*004 

g 

i 7 h io 5 

17 48.9 

“57 39 

7 3 

G S 

0.6 

.041 

•033 

F 

10866 

17 49 0 

+29 42 

8.1 

A 5 

0.0 

.0037 

.002 

f 

10874 

17 49 8 

+36 5 

8-5 

G S 

o .5 

.0092 

.006 

f 

10875* 

17 50.0 

+ 4 ° 1 

5.12 

Ki 

3-9 

.0075 

.003 

f 

i7 h uo 

17 si.a 

—36 0 

6.88 

Ao 

2.5 

.042 

034 

F: 

10899 

i 7 5 i .3 

+ 30 

7-9 

A2 

0-3 

•0053 

.003 

g 

10904 

i 7 51-9 

+ 21 30 

8.1 

G3 

2.4 

•033 

.028 

g 

10913 

17 52-° 

+ 05 

6.14 

A2 

0.2 

.0080 

.004 

g 

10905 

17 53 .o 

+ l8 21 

6.59 

A2 

0,0 

.OO76 

.004 

i 

10888 

17 52.2 

+53 5 8 

9-3 


0.0 

.0070 

.004 

P 

10911 

17 52.9 

+39 27 

7-7 

Go 

1.9 

.020 

.014 

I 

10920 

17 53'7 

+4116 

8.8 

F 2 

2.0 

.040 

.040 

f 

10947 

17 53-9 

- 6 51 

8,6 

B9 

1.0 

.0X3 

.OO9 

f 

10949 

17 54.4 

+ 12 26 

S .5 

A2 

0.4 

.OO58 

.003 

P 

10961 

17 5 S '6 

+29 3 ° 

9 -i 


0 5 

• OI 5 

.OH 

f 

10984 

17 S 5-8 

-27 31 

7-3 

B8 

0,6 

.0X1 

.006 

F: 

10971* 

17 56 1 

+2154 

8.8 

Go 

2.0 

.Oil 

.008 

f 

10987 

17 56-5 

+ 3 32 

8.1 

Ao 

I.X 

• 009 5 

.006 

f 

10995“ 

17 56.5 

-27 5 

7.4 

Go 

1.0 

.012 

.006 

F 

I0990 b 

17 56-7 

+ 119 

4.44 

Bgn 

5-6 

,0l8 

.008 

f 

10983 

17 56-9 

+26 33 

8.3 

Go 

1.0 

.017 

.0X2 

P 

10993 

17 57-2 

+2136 

4.42 

Am G3 

0.08 

.0l6 

.007 

g 

11002 

17 57-7 

+ 137 

9 - 1 


1.0 

.016 

.013 

f 

11015 8 

17 58.1 

-2415 

8,1 


i -5 

.0082 

.005 

F 

10988 

17 58.2 

+52 51 

7.66 

Go 

1.0 

.028 

.022 

g 

IIOOI 

17 S8.S 

+40 n 

7.82 

A3 

0.0 

.013 

.009 

g 

17*128 

17 59.0 

-36 35 

7-4 

B8 

1.0 

.0059 

.003 

F: 

11012 

17 59'2 

+a6 3 

S .5 


0.0 

.0093 

.006 

f 

11010 

17 59-6 

+44 15 

7.22 

Fa 

2.0 

.023 

.017 

g 

11023 

.17 59 9 

+39 22 

8-7 

F S 

0.2 

. 0 X 2 

.008 

i 

11065 

18 1,0 

719 23 

8.6 

g 4 

0.0 

.0X2 

.009 

g 

11056 

18 I.X 

+ 12 O 

6.46 

Ao 

O.36 

• 0I 5 

.009 

f 

11016 

18 1.3 

+65 57 

7.64 

FS 

x .6 

.0055 

.003 

f 

11078 

18 2.1 

— 22 17 

8.3 

B 5 

0.5 

.015 

.OIO 

F 

11084* 

l8 2.3 

“37 53 

7*14 

G S 

1.0 

.0x4 

,008 

r 

11083 

l8 3.0 

+ 9 45 

10.4 


0.1 

■015 

.013 

f 

11080 

l8 3.I 

+ 19 39 

7.40 

A.2 

1.3 

.0066 

.004 

g 

ii p 74 

l8 3.3 

+40 22 

7.02 

Ao 

1,0 

.012 

.007 

f 


l8 3.6 

“ 30,45 

5-58 

Ko 

2.4 1 

.0098 

,004 

F 

11089 

a8 3.8. 

+26 5 

5.21 

A3 A3 

0.08 

.021 

.0X2 

f 

11112 

,18 3.9’ 

-29,14 

8.1 

A2: 

0.2 

.0074 

.004 

• F: 

no9o b 

18 4.6 : 

+49 42 

6.31' 

Ao 

4.1 

.015 

.008 

g 

IIIIO 

18 4.7 

+ 6 8 

7.6 

F 5 

o -5 

.0099 

.006 

g 

11127 

18 S >3 

-19,52 

6-33 

Aa 

0,4 

0.0x9 

0.0X2 

g 
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ADS 

GLIQOO 

fiigoo 


Sp. 

Aw 

hr 

d 

Grade 

11123 

i8 u S ?7 

+i6°27 / 

6.14 

Fj Ao 

1.1 

0*0090 

0T004 

g 

i8 h i6 

l8 6.5 

-57 S 3 

7.7 

G S 

O. 2 

.023 

.017 

F 

11166 

l8 7.9 

-is 38 

7.06 

Fs 

2.0 


.0X0 

£ 

11160 

l8 7.9 

+ 5 48 

8.0 

B9 

3*0 

.016 

.Oil 

g 

inSS 

18 8.2 

+27 37 

8.2 

A2 

O. I 

.010 

.007 


l8 h 2 3 4 

18 8.8 

-46 3 

7.21 

A2 

1.0 

.022 

.015 

F: 

III70 

18 9.3 

+38 34 

8.6 


0.0 

.011 

.007 

f 

IXI 74 

18 9.5 

+41 22 

7.9 

FS 

1.2 

.015 

.010 

f 

IIl8o* 

18 10.2 

+4313 

9-3 


0.5 

.0083 

.006 

P 

11214 

18 10.7 

— 25 2 

8-55 

Ao 

I . 2 

.007s 

.005 

F 

11208 

18 u.1 

+19 44 

7.80 

F2 

0.8 

.013 

.008 

£ 

11240 

18 12.7 

-18 39 

6.38 

Bo 

2.0 

.031 

.020 

g 

IX 0 ? 33 k 

18 13.9 

+5117 

8.7 

Gs 

1.6 

.018 

.014 

£ 

l 8 h 37 b '* 

18 14.0 

—61 32 

4.25 

K.2 

4.0 

.021 

.008 

F: 

11257 

18 14,5 

- 5 0 

7.80 

Go 

1 *3 

.025 

- .019 

g 

11262 

18 14.7 

- 8 2 

6.51 

Fs 

2-5 

.037 

.028 

g 

II247* 

18 14.8 

+43 48 

8.7 


0.7 

.012 

.008 

g 

11268 

18 15.1 

-19 42 

7.89 

Eo 

1,6 

.013 

.009 

F 

i8 h 42 6 

18 16,1 

-4a so 

8.02 

Fs 

0. 2 

.014 

.009 

F: 

11273 

18 16.s 

+22 45 

6.69 

B 9 

3-3 

,0l8 

.012 

P 

11275 

18 16.9 

+27 29 

7.13 

Gj 

5 -o 

•034 

.028 

f 

11287 

18 17.6 

+ 21 28 

6.64 

B8 

1.9 

.0069 

.003 

£ 

11318* 

18 19.3 

- 6 39 

7.25 

Go 

x *3 

.OO84 

.004 

£ 

11325 s ' »•* 

18 19,4 

— 20 36 

4.96 

Ki Ao 

2.52 

.014 

.006 

F 

“ 33 © 

18 19.7 

— 21 6 

8.4 

A2 

0,1 

.017 

.012 

F: 

1 13 34 

18 19.8 

7 I 38 

6.11 

F 5 

0.2 

.Ol8 

.Oil 

g 

“339 

18 21.0 

+ 0 44 

6.90 

A3 

0. 2 

.0074 

.004 

g 

“334 

l8 21,0 

+ 27 20 

6.20 

Ao 

1.0 

.013 

.007 

g 

“354 

l8 21.5 

— 26 41 

6.23 

As 

0.2 

.016 

,009 

F 

“ 353 tt 

l8 22.1 

+ 0 8 

5-33 

Ao G 

2.10 

. 0 X 5 

.007 

g 

1x3 lie* 

l8 22.2 

+71 17 

4.24 

Aop 

1.8 

.0089 

.003 

g 

“316 

l8 22.3 

+68 S 3 

9*3 

Ko 

2.0 

■org 

.on 

f 

“ 34 * 

l8 22.5 

+46 s° 

7.61 

Ao 

1,9 

.0064 

.004 

f 

“ 336 b 

18 22.5 

+58 45 

4.85 

A2 

2.65 

.026 

.013 

g 

“ 344 I3,g 

18 22.7 

+48 43 

7.24 

GS 

0.7 

.0067 

.003 

£ 

“ 37 ^* 

l8 22.8 

—35 6 

7.40 

Go 

0. 2 

•0x3 

.007 

F: 

“373 

18 23.4 

+19 14 

7.6 

FS 

0-5 

.012 

.007 

f 

“373 

l8 23.7 

+24 38 

6.82 

B9 

1.9 

.011 

.006 

f 

1X396 

l8 24.9 

+ 1 7 

8.04 

Ao 

1.6 

.0024 

.001 

f 

“ 433 * 

l8 26.0 

— 19 12 

8.8 


0.4 

•0033 

.002 

F 

1 1430 ‘ 

l8 26,8 

7 7 S 4 

8.0 

Ao 

0.7 

.018 

.013 

f 

“433 

18 27.2 

+ 6 43 

7-34 

FS 

0.8 

.010 

.006 

g 

11424 

18 27.4 

+33 11 

7*30 

Ao 

,0.6 

.012 

.007 

f 

18*64* 

j8 27.8 

-34 54 

6.94 

Fo 

0.19 

.012 

.007 

F 

11461 

18 29.2 

-*i 45 

9.3 

Go 

0.8 

0.022 

0.019 

F; 
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i 8 h 2 g ®4 +17 39' 


18 31.4 

+23 31 

18 31.4 

+ 16 54 

x8 31.7 

+52 16 

x8 32 9 

+33 23 


- w 0 / • *r 

x 8 38,0 

-19 59 

18 38,3 

+67 a 

umxm 

-25 54 

18 38.9 

+ a 31 

18 39.8 

+35 27 

18 40.0 

+3i 35 

18 40.3 

-10 36 

18 40.5 

+ 5 23 

18 41.0 

+39 34 

18 41 -i 

+39 30 

18 41.3 

- 1 4 

18 41.8 

+59 39 

18 42.2 

+34 35 

18 43.3 

+77 35 


18 43.1 

+60 56 

x8 43.4 

+31 

17 

l8 44.6 

+ 21 

3 

l8 45-0 

+ 10 

34 

18 45.0 

+49 

19 

18 45.5 

+59 

13 

18 45.6 

+n 

24 

18 46.0 

+10 

52 

18 47.2 

+ 10 

39 


18 50.2 

18 50.5 
18 $0.8 
18 Si.2 


+20 29 
+37 15 
+ 3 19 
+ 44 



be bo bo bo <HIH bo to*— I tO*M M-I bo bo beta bO*4-i *H AbObObO *w bO*4-i boPn CW. (X to to CW. *+_ bO bO P-4 Cl* bo bo bo 
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TABLE 53 —Continued 


ADS 

aigoo 

fligoo 

Mag. 

Sp. 

Am 

hi 

d 

Grade 

11869 

i8 h 53?o 

+ 2 S°S 7 ' 

7 34 

Ao 

o.x 

0^0077 

0*004 

g 

i 8 h 99 

18 54.6 

— 

63 56 

7 - 3 i 

Ao 

0.0 

.010 

.006 

F 

11900 

18 54.9 

+36 17 

8.0 

A3 

0.6 

.014 

.0x0 

£ 

11916* 

18 55 .4 

+1* 4-5 

7.14 

K4 Aon 

i -4 

■015 

.007 

f 

11915 

18 55.4 

+ 14 46 

8.1 

F2 

x .8 

.026 

.022 

f 

11914 * 

18 

55-5 

+ 29 28 

8.6 

Go * 

0.0 

.0070 

.004 

f 

x8 h io3 

18 

55-8 

— 

-45 SI 

7.80 

Bq 

0.7 

. 0 X 0 

.006 

F: 

11949 6 

18 56.2 

— 

•28 47 

8.36 

Go 

0.5 

•oiS 

.011 

F 

lr 953 , 

18 56.8 

— 

6 51 

9-4 

As 

0.1 

.0050 

.003 

g 

n87o b,d 

18 56.9 

+ 7 S 39 

6.18 

Ao 

1.1 

.0078 

.003 

g 

119713 

18 57.6 

- 

0 51 

9.25 

G 6 

2.1 

.028 

.026 

g 

11956 

18 57.6 

+19 2 

7.46 

05 

0. 2 

.013 

,008 

g 

II989 

l8 58.4 

— 

■21 41 

6.87 

Go 

0.1 

.037 

.028 

g 

11977* 

l8 58.9 

+31 is 

8.2 

Ays G8 

1.6 

.046 

•039 

g 

II 999 

l8 59.6 

+14 38 

8.0 

Fs 

0.4 

.020 

.015 

g 

11979 

18 

59-8 

+52 7 

6.42 

G8 

2.7 

.021 

■ 013 

P 

H 998 9 

l8 59.8 

+26 33 

9.0 

F8 

0,0 

.0x2 

.008 

g 

12002 

19 

0.1 

+35 36 

7-7 

A 3 

0.0 

,0064 

.003 

P 

I 20 IO b 

19 

o -5 

+23 IX 

6.94 

B 3 

i -7 

.022 

.013 

f 

11997 

19 

0.6 

+51 26 

8.x 

FS 

o -3 

.023 

.0x8 

g 

I2026 b 

19 

0.8 

+13 43 

3-02 

Ban 

9.0 

.042 

.020 

f 

12029 

19 

0.9 

+ 6 34 

6.88 

F4G4 

i -9 

■°33 

.025 

g 

12037 

19 

1-5 

+ 70 

6.72 

>2 

0.7 

.0088 

*005 

g 

12032 

19 

x.6 

+27 8 

8.0 

FS 

0.0 

.0043 

,002 

g 

X2040 

19 

2.2 

+30 17 

8.2 

G2 Gy 

1.2 

.017 

.0x2 

g 

12054 

19 

2.6 

+ 8 2 

9.07 

Go 

0.2 

.0084 

.006 

g 

120X5 

19 

3 -o 

+69 18 

8.8 

Ko 

0.0 

.0092 

.006 

f 

12057 

19 

3 -a 

+24 22 

8.7 

A2 

0.0 

.0037 

.002 

f 

I206x 

19 

3.6 

+32 21 

5°4 

Ayn 

4-1 

.041 

.028 

g 

12071 

19 

4.1 

+29 38 

8.0 

Ao 

0-5 

.0085 

.005 

f 

12079 

19 

4.2 

- 

-26 56 

8.0 

Ao 

0.0 

.0067 

.004 

g 

i 2075 b 

19 

4.4 

- 

1-38 46 

7.48 

a 3 

1,1 

.0063 

,003 

P 

12095 

19 

4-5 

- 

-II 42 

8.0 

Ao 

2-3 

.0045 

.002 

f 

12089 

19 

5-4 

- 

I-48 55 

8,0 

K2 

4*5 

.064 

.062 

f 

X 2 X 0 X 

19 

5-4 

H 

b34 26 

6.54 

Gx 

i *3 

.054 

.044 

g 

12I26 a ' * 

19 

5.6 

- 

- 7 35 

6.76 

Go 

0.4 

.0082 

.004 

g 

X 2 X 29 

19 

6.2 

+ 7 5 8 

7.39 

AS 

2.8 

*037 

.032 

f 

X2X04 

19 

6.3 

+SS 10 

7.31 

A 3 

0.0 

•°°93 

.005 

9 . 

12147 

19 

7.1 

+ 2 37 

6.75 

S 9 

0.8 

.0056 

.003 

t 

12x68 

19 

7.8 

- 

-14 37 

7.81 

Fs 

2-3 

.024 

.018 

f 

X2l6o 

19 

8.x 

+16 41 

6.44 

Bps 

1-3 

.0032 

.001 

p 

12X44 

19 

g -4 

"S 4 19 

8.5 


o *5 

.0074 

.005 

g 

12x89 

19 

8.4 

- 

-27 29 

8.0 

Ao 

o -5 

.017 

.or2 

F: 

121 X 3 

19 

8.6 

T 71 

7.00 

F8 

0.3 

.0074 

.004 

f 

12x72 

19 

8.7 

+18 58 

8.3 

Fo 

0.7 

0.0095 

0.000 

f 
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THE MASSES OF THE STARS 

TABLE 53 —Continued 


ADS 

aigoo 

Jigoo 

Mag. 

Sp. 

Aw 

hr 

14880 

2r h i5®9 

+ 2° 42 ' 

7-9 

F8 

1.8 

0^027 

148948 

21 16.4 

+ 2 28 

7.62 

Ko 

0.5 

.0070 

148648 

21 16 5 

+58 13 

5-79 

Ko Ao 

4.3 

.011 

14889 

21 l6.6 

+32 2 

6.44 

G5 

0.7 

.028 

14878 

21 16.7 

+ 5 a 33 

6 -93 

F6 Gj 

0.2 

.021 

14876 

21 16.7 

+52 54 

7.8 

Ao 

1.5 

.0080 

21 b 22S 

21 18.0 


-41 26 

5.86 

Aop 

1.0 

.012 

14942 

21 I9.3 


+ 317 

9.2 

Gs 

O.I 

.013 

I4926 3 

21 I9.4 

+57 8 

8.1 

Gs 

1.a 

.024 

14954 

21 20.2 

+ 8 57 

7-7 

A2 

i.S 

.0080 

14958 

21 20.6 

+10 55 

8.3 

F8 

1.0 

.0051 

14916 

21 21.5 

+79 56 

7 - 3 i 

f 4 

0.7 

.019 

14977 

21 22.0 

+ 13 t6 

7.08 

A2 

1.7 

.016 

I4986 

21 22.5 

+30 24 

9 3 


3-3 

.020 

14921 

21 23.O 

+82 5 

7.83 

F8 

0.1 

.0037 

15007 

21 24.0 

+10 39 

6.70 

F2 

0.0 

.025 

15026 

21 24.9 

• 

- 5 56 

9-4 

F8 

0.3 

.0099 

15032 

21 27.4 

+70 7 

3-33 

A471 

4 . 5 o 

.011 

15060 

21 27.6 

+33 23 

7-7 

as 

0.0 

• ooS 7 

15076 

21 28.4 

*4“ 20 16 

7.11 

F4 ft 

0.7 

•034 

i5o86 r 

21 28.9 

■ 

- 3 54 

9.2 

Ko 

2.1 

.042 

15144* 

21 32.6 

+ 6 16 

8.9 

K2 

0.3 

.0071 

*5173 

34.8 I 

+35 56 

8.2 

Fo 

1.5 

,oii 

15181" 

** 35 .t 

+29 4a 

8.6 

AS 

0.4 

.011 

ai h 45 “ 

at 35.6 


-83 11 

5.38 

Go A3 

2.2 

.022 

15178 

at 35.6 

+55 20 

7.91 

Ao 

1.5 

.0058 

15208* 

21 36.3 

+ 4 * 49 

5-35 

Mx 

5 *t 

.017 

15215* 

21 36.6 

+28 33 

8.0 

G 

1.0 

.OO79 

IS 243 

at 37 4 

• 

-20 5a 

8.4 

A2 

2.7 

.017 

15251 

21 38.5 

+40 36 

7-54 

Fo 

0.0 

.0077 

15270 

21 39.6 

+28 18 

4.45 

F6 F3 

1*35 

.087 

15300 

21 4I.0 

+11 as 

8.5 

Go 

°-3 

.012 

15313 

21 41.8 

+ 0 34 

7.68 

F 2 

0,2 

«009I 

15229 

21 41.9 

+82 28 

8.7 

Gs 

o *5 

.O34 

i 535 o 

21 46.I 

+68 sa 

8.7 

A$ 

0.8 

.0071 

15378 

21 46.6 

+28 42 

93 

Ko 

1.0 

.OI9 

15392 

21 47.O 

+ 8 36 

7-9 

Aps 

2.8 

.O37 

IS401 

21 47.6 

+37 19 

8.7 

A3 

0.0 

.011 

15389 

21 48.7 

+7118 

8.7 

Go 

2.0 

.OI4 

15407 

21 49.1 

+6517 

6.41 

A8s Fo 

0.2 

.Ol6 

*5417 

at 49*5 

- 

-62 38 

7-7 

B3 

0.1 

.014 

15435 * 

ai 50.5 

- 

H 43 35 

7-9 

Gs 

0,1 

.OO39 

IS 447 

21 50.6 

- 

-to 25 

7.9a 

G$ 

0.3 

.020 

15452 

21 5O.7 

- 

6 47 

8.3 

F8 

i.t 

.0066 

1 5454 a 

21 51,4 


h3 8 ai 

8.8 

Go 

0.0 

0,0093 


d 


o!o22 

.003 

.005 

.Ol8 

.014 

.005 

.006 

.010 

.019 

.005 

.003 

.013 

• Oil 

.018 
. 002 


.017 

.007 

.004 

.003 

.026 

.042 

.004 

.010 

.008 

.011 

.003 

.007 

.004 

.013 

.004 

.063 

.008 

.005 

.031 

.004 


.015 



.010 

.010 


.009 

.002 

.015 

.004 

0.006 


Grade 


g 


g 

5 

f 

F 

g 

f 

f 

f 

f 

£ 


8 

P 

P 

P 

g 

f 

f 

f 


f 

P 

I: 

8 

f 

g 

f 

P 

f 

f 

g 

i 

8 

g 

f 
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axgoo 

fiigoo 

Mag. 

Sp. 

Am 
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ADS 

aigoo 

81500 

Mag. 

Sp. 


B 

B 


15896 

2 2 h l8 I ?8 

+ 20°2o' 

6.13 

P4 

3*2 

0.034 

0^025 

g 

15881**.* 

22 l8.8 

4-66 12 

6.74 

G6 Ajs 

1.0 

.0058 

.002 

p 

15902 

22 18.9 

— 5 20 

5*85 

Ao 

0.2 

.013 

.007 

g 

iS 9 °S 

22 I9.4 

+ 3 19 

8.6 

Fo 

0.6 

.019 

•015 

F 


22 20.8 

—46 8 

8.2 

F2 

0.0 

.025 

.020 

F 

15934 

22 21.X 

-1715 

5 - 7 ° 

G 2 Gi 

0.22 

.099 

.083 

g 

I 5935 

22 21.5 

+ 3 S 3 

5.85 

PS 

6.7 

.026 

. 0 X 7 

P 

IS 950 " 

22 22.3 

+14 38 

8.6 

£5 

0.0 

•0033 

.OOI 

f 

15956 

22 22.7 

+ 4 1 

9.0 

F8 

0.0 

.0066 

.004 

g 

X 5962 

22 23.2 

+«45 

7.19 

Ko 

3-0 

.023 

.Ol6 

g 

15967 

22 23.4 

+16 46 

7.53 

G8 

i -7 

. 018 

. 0 X 2 

f 

15966 

22 23.4 

+=3 1 

8.3 

G8 K 2 

o-5 

.030 

.025 

g 

15971 

22 23.7 

— 0 32 

3 • 75 

F 2 Fi 

0.17 

.064 

.040 

g 

IS 994 

22 25.3 

- 8 37 

7-33 

Fo 

x .0 

.020 

. 0 X 4 

i 

15999 “ 

22 25.4 

-19 42 

9-03 

Go 

i -5 

.0054 

.003 

F: 

I6OIO 

22 26.4 

+39 36 

9.1 


0.5 

.0058 

.004 

r 

l606l 6 

22 28 9 

-*3 7 

8.50 

Go 

3-0 

.012 

.008 

F: 

16069 

22 29.5 

+ 3 42 

7.8 

Ao 

1. X 

.0054 

.003 

f 

16057 

22 30.I 

+69 24 

6.02 

F 2 As 

0.5 

. 0 X 2 

.006 

g 

l 6 lI 2 

22 32.6 

+36 41 

9.4 


°*5 

.0063 

.004 

g 

l6lll 

22 33.6 

+ 72 22 

7.46 

F5 

0.0 

. 0 X 2 

,008 

f 

16149^ 

22 34.2 

-28 52 

6.84 

£5 

0.8 

,016 

.0X0 

F 

16145 

22 34-3 

-13 8 

8.1 

G8 

0.0 

.050 

.045 

g 

16157* 

22 34.9 

4- 0 4 i 

8.4 

Gs 

0.5 

.0082 

.004 

g 

16153 

22 35.I 

+40 Si 

8.5 

A3 

0.0 

.0062 

.004 

F 

l6l83 

22 36.4 

- 3 4 

8.7 

G S 

x. 2 

.Oil 

.007 

f 

l6l85 

22 37.I 

+20 54 

8.3 

Go 

1.0 

.022 

.015 

g 

l6l90 

22 37.3 

“ 1 19 

8-4 

FS 

0,0 

.OO49 

.003 

g 

16208 

22 37.8 

— 8 50 

6.49 

As 

0.8 

.0083 

.004 

g 

l6l99* 

22 37.9 

+29 XI 

8.9 

GS 

0.1 

.OO39 

.002 

g 

16191 

22 38.6 

+72 12 

8.0 

a 3 

1.2 

.OO89 

,006 

f 

16214 

22 38.8 

+46 39 

6.43 

b 9 

0.4 

.0057 

.003 

f 

16228* 

22 39 5 

+38 57 

6. 13 

Ks Ki 

2.3 

.012 

.005 

f 

162353 

22 39.9 

“ 3 11 

9.4 


o*S 

.Ol8 

.015 

g 

16242 

22 40.5 

[ 

+10 40 

1 

9 .S 

K6 

i.x 

.038 

-035 

F 

16270 ' 

22 42,7 

- 4 45 

6-75 

°3 °3 1 

0.5 

.044 

-034 

g 

16278 

22 43.8 

+30 34 

7.36 

S 9 

0.8 

,010 

.006 

g 


22 44.4 

-33 20 

6-35 

As 

0.2 

.030 

.020 

F 

16292 

22 45.O 

+30 46 

7.98 

Fo 

0.0 

.018 

.013 

f 

1629^ 

22 45 - 1 , 

+39 59 

7.51 

F8 ! 

0.0 

.021 

.015 

I 

I629I 

22 45.6 

+68 2 

6.39 

F4 Fs 1 

o,n 

.032 

.023 

g 

I6298 

22 46.I 

+66 0 

6.97 

? 9 

i -7 

,0029 

.OOI 

F 

22 h 55 b 

22 47,0 

“33 24 

4.53 

Ao 

4.2 

.028 

.015 1 

g 

16324 

22 47.O 

— 22 14 

8,1 

Fo 

0.2 

.OO76 

.004 

F 

16317* 

32 47*4 

+61 10 

S.80 

g 3 

i -3 

0.019 

0.0X0 1 

g 
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THE MASSES OF THE STARS 


TABLE S 3 —Continued 


ADS 

aigoo 

Aigoo 

Mag. 

Sp. 

A m 

Ai 

16730* 

23*19^2 

+ 3° 10' 

6.65 

K2 

2.0 

0T017 

16733 

23 19.2 

+ s 31 

9-7 


0.0 

.016 

16735 

23 IQ-4 

+13 56 

8.0 

F8 

3-0 

.019 

16736 

23 20.3 

+ 76 31 

8.8 

A5 

0.3 

.020 

16767 

23 22.5 

-37 14 

8.3 

Fs 

o.S 

.0034 

X6766 

23 22.6 

+16 S 

9-3 

Go 

0.1 

.012 

16766 s * 

23 22.6 

+16 S 

8.2 

Go 

i-5 

,020 

16769 

23 22.9 

+10 35 

8.47 

Go 

2-3 

.039 

1677s 

23 23.8 

+73 34 

7.17 

Fo 

1.1 

.016 

1679S 10 

23 25.2 

+58 0 

7,06 

Ao 

i.5 

.0054 

16803 

23 25.6 

+ 4 41 

7.12 

A3 

1.0 

.012 

16812 

23 26.4 

+15 4° 

7.79 

F8 

x. 2 

.022 

16818 

23 27.2 

+431<> 

8.1 

Ao 

i-7 

.013 

16836* 

23 29.O 

+30 46 

5-2X 

k 4 

0.00 

.016 

23*40 

23 29.8 

—58 3 

7-4 

F2 

0.2 

.0X2 

16850 

*3 30.4 

— 28 2 

6.68 

F8 

i-7 

.034 

23 h 44‘ 

23 31.8 

-32 as 

6.51 

Ko 

3-a 

.0068 

I6877 

23 32.6 

+43 S3 

5.86 

B9 

0.90 

.OO76 

16882 

23 33.O 

+ X2 20 

8.8 

A2 

1.0 

.OO9O 

16886 

23 33-4 

+54 41 

8.6 

Ao 

o.3 

.Oil 

I6893 

23 33-9 

+7° s 

8.24 


0.7 

.0099 

23 h 48 

23 34-1 

-47 13 

6.28 

A3 

o.57 

.014 

I69O4 

23 34.4 

+45 10 

7-77 

A2 

o.x 

,0076 

X6924 

23 35.8 

+ 7 36 

9.5 

F8 

0.7 

.0069 

X6929 

23 36.2 

- 9 ji 

9.2 

G 5 

i-5 

.023 

16928 

23 36,3 

+33 0 

7*25 

Ao 

0.4 

• Oil 

16937 

23 37.0 

+19 45 

7.60 

F8 

0.6 

.0X2 

l695l a 

23 38-o 

+11 17 

8.8 

Gs 

0.0 

.0X7 

16958 

23 38.8 

+ 6 4a 

8.00 

F2 

0.0 

.013 

16957*' * 

23 39.0 

+38 49 

4.98 

07 

3.1 

.022 

23 b 56 

23 39*5 

-45 48 

8.7 

FS 

o-5 

.017 

16979 

23 40.8 

-19 14 

5 *45 

AS 

1.50 

.040 

17006* 

23 42.6 

+46 16 

5.84 

£3 

2.5 

.0060 

X7009* 

23 42,8 

+16 31 

7.8 

G 

o.x 

.0X4 

17020 

23 43.8 

+64 19 

6.38 

Ao 

0,70 

.on 

X7022 

23 44.o 

+61 40 

5.61 

A 2 p 

2.5 

.0034 

I7°3° 

23 44.8 

+37 7 

6.94 

Fo 

0.5 

.0065 

23*63 6 

23 45-3 

—S« 16 

7-73 


0.2 

.042 

17050 

23 46.5 

+41 30 

7.09 

As 

°‘3 

.0050 

1705a 9 

23 46.6 

— 7 10 

8.9 

Go 

0,0 

.020 

17060 

23 46.9 

+ 13 19 

9.1 


0.3 

.OO98 

i 70 S 4 u 

23 46.9 

+37 30 

7.05 

FSP S 

0.00 

.030 

17062* 

23 47.5 

+74 59 

6-55 

k5 

6 -s 

.068 

17078 

23 47.8 

+38 § 

8.6 


0.8 

.032 

17079 

23 47-9 

+11 33 

6.80 

Fo Fo 

0.67 

0.035 
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TABLE 53 —Continued 


ADS 

aipoo 

6 X 900 

Mag, 

Sp. 

Aw 

h t 

d 

Grade 

17090* 

23 h 49?2 

-2 7° 3 6 / 

6.27 

A2 

0.39 

oron 

o?oo6 

F 

17092 

23 49*3 

+ 1 ss 

8.2 

Aa 

2.0 

.0056 

.003 

P 

17105 

33 SI-I 

+24 47 

8.9 

Go 

0.1 

,0099 

.007 

g 

17107 

23 SI-2 

— 10 3 

8-5 


0.5 

.038 

•034 

g 

i7nr 

S 3 51-7 

+ 4 ro 

6.87 

Fo 

0.5 

.017 

.011 

g 

17118 

23 S2.4 

+ 72 l8 

7-8 

BS 

0.5 

.0056 

.003 

g 

17126 

23 52.8 

+56 SJ 

8.4 

B 9 

0.0 

,0049 

.003 

f 

17131 

23 53.0 

+23 48 

8.2 

£5 

1.4 

.020 

•015 

f 

17137* 

23 53-6 

- 4 7 

S -°7 

G6 

5.3 

.015 

.007 

f 

17140 

23 S3'9 

+55 12 

4.93 

Ba 

2.10 

.014 

,006 

f 

17149 

23 54-4 

+33 11 

5.S3 

Go Gx 

0.00 

.058 

• 043 

g 

I 7 I 53 

23 S 4 'S 

- 8 23 

8. z 

Go 

1.1 

.021 

.016 

g 

17177 

23 57.1 

-27 42 

7-9 

F8 

0.3 

,0051 

.003 

F 

17180 

23 57-3 

+10 13 

8,67 

Go 

0.7 

.OO76 


g 

i« 

23 57 -S 

+65 33 

5 * 77 

Gs Am 

1.45 


.010 

f 

4 

23 57-5 

- 9 3 

8.7 

Go 

0.0 

,0089 

.006 

g 

9 

23 57-6 

+ 134 

7-7 

Go 

2.5 

.027 

,022 

g 

17 

23 58.2 

+S2 59 

9.2 | 


0.3 

.0042 

.002 

g 

331 

23 59'5 

+33 42 

7.15 

Ko 

0.00 

.0057 

.002 

g 

34 

23 S9-6 

+37 37 

9-5 


0.3 

.020 

.016 

f 

40 

23 59.7 

+29 32 

8.2 

FS 

a .3 

.Oil 

.007 

g 

41 

23 S 9-8 

+45 7 

7.62 

P6 Gs 

1.1 

.018 

.013 

F 

43 

23 S 9.8 

+82 9 

10,2 


0.5 

O.OII 

0.009 

f 


NOTES TO TABLE 53 

a. Brighter component spectroscopic binary; two spectra visible. 

b. Brighter component Bpectroscopic binary; one spectrum visible, 

c. Fainter component spectroscopic binary; two spectra visible. 

d. Fainter component spectroscopic binary; one spectrum visible, 
g. Treated as a giant in calculation of d . 

1. Possibly optical, 

а. Data published in Lick Obs. Bull., No. 451, 1933, replace those in AJ ,, 39, 
No. 930, 1929. 

3. Pair BC. 

4. Also ADS 440. 

5. Magnitude data published by Finsen replaced by those in Harvard Ann., Vol. 
56 or 64. 

б. Magnitude published by Finsen replaced by that in Boss's General Catalogue. 

7. Spectral class published by Finsen replaced by Mount Wilson class. 

8. Pair AB and C. 

9. Data published in Lick Obs. Bull., No, 451, 1933, or AJ., 3P» No, 930, 1929, re¬ 
placed by those in Lick Obs. Bull., No. 483, 1937. 

10. Pair CD, 
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NOTES TO TABLE 53 — Continued 

11. Henry Draper Catalogue gives a 2 h 32™j. 

12. This star is BD-H8°667, HD 19923; ADS erroneously identifies it as 
BD+38°666, HD 19909, 8.6A3. 

13. Pair AC. 

14. Burnham’s General Catalogue number. 

15. Pair A and BC. 

16. See Table 51, n. 18. 

17. Published in A.J., 39* No. 930, as / 3 GC 2977. Aitkcn states that star was mis- 
identified by'Bumham and gives position entered here. 

18. Magnitude published by Finsen replaced by photometric magnitude in Henry 
Draper Catalogue . 

19. Error in value of w published by Finsen has been corrected. 

20. Pair Cc. ♦ s 

21. Values of s and ds/dt published by Finsen have been corrected. 

22. Variable, X Ophiuchi. 

23. Abnormally faint A star; d (computed by main-sequence formula) doubtful. 

24. Pair A'B'. 


[ PRINTED 1 
IN U-SAJ 




